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CHAPTER I
INTRODUCTION

One unique feature of man's perception of his environment is his desire to
quantify what he observes. This desire has led naturally and inevitably to
the development of number systems and uniis of weights and measures, As
science and technology have evolved, measurement techniques and equipment
have been devised and refined, enabling man to discover and understand the

laws of nature,

The flow of fluids is a commonly occurring phenomenon which the scientist
and engineer have been challenged to predict, control and measure. The itwo
most common fluids, water and air, have been puzzled over for centuries and

have been studied in detail for many years,

This thesis addresses the problem of measuring airflow, specifically at low
velocities, in the range of 20 to 2,000 feet per minute. Several techﬁiqnes
and many versions of hardware are available to measure air velocities in the
field and in the laboratory. (See FLUID FLOW AND HEAS&REHENT, in Appendix D,
page 45). Selecting the nost appropriate meter and using it correctly depends
partly on the degree of accuracy required, the purpose of the airflow
(environmental control, conveying, process control, and so forth), and degree

of access to the ailrstrean.

The heating, cooling and ventilation industry, for example, rakes wide use



of airflow to achieve comfortable environments, to control products and
processes, and to remove contaminants from the air. Cur constantly improving
standard of living, desire for increased productivity, and growlng concern

for industrial hygiene have created tremendous interest in accuratelf
measuriﬁg air velocity in conduits (ductwork) and in free space, For instance,
laminar flow clean rooms, required by space technology, demand largé
quantities of very clean air flowing at low velocities, Conversely,
industrial exhaust hoods are designed to draw in ambient air at sufficiently
high velocitlies to capture the gaseous and particulate contaminants which

mist be removed. 'In'eiiher=éase, the need.for making field measurements of

velocity to verify design criteria is obvious.

In 1971, the Williams-Steiger Act (Public Law #91-596) went into effect.
This law, better known as the Occupational Safety and Health Act (OSHA),
established many conditions which must be met in industrial and commercial
bulldings, including maximum and minimum rates of airflow surrounding the
occupants, Because of this law, plant englineers, design consulteznts,
government inspectors, installing contractors and unlon personnel all have

need for air velocity meters to check ambient conditions,

The read-out of the meter thus becomes critical in settling disputes over
performance of air moving systems and conditions in the work spaces,
Obviously, accurate calibration of the meter is vital, and a method is needed
for checking the calibration, especially at velocities below 100 feet per

minute,

This thesis presents the design, construction, and calibration of an

instrument of known characteristics to accurately and easily calibrate



several types of commerclal alr velocltiy meter currently on the market,
The instrument, called a calibrator, is constructed of readily available

meterials and equirment, and produces eccuratelv knewn cutlet velocities,



CHAPTER II
DESIGN CONZILERATIONS

Backoround

Measurement of air velocity can be acconplished several ways (see Appendix D,
FLUID FLOW AND MBASURENMENT, page 65). The airflow generally will be occurring
either in closed conduits (ductwork) - typical of heating, cooling, venti-
lation, air cleaning, and exhaust systems - or under ambient indoor or outdoor
conditions. Table 1, page 5 shows the range of velccities and temperatures,
with typiczl values, for several applications, 3Since outdcor conditions are
generaily the province of metecrologists and air pollution engineers, this

thesis confines its attention to indoor applicatlons,

The range of velocities, from no noticeable velocity up to 6,000 ft/min

(which is about 68 miles per hour), hés led to the development of several tyres
of meter and various calibration techniques. The most troublesome calibration
procedure seems to be in the range below 100 ft/min, where accurately known

velocities are hard to achieve;

Present Methods

Most manufacturers of commercial alr meters have developed thelr own
calibration procedures and devices usually in compliance with standards

¥*
established by the American Society of Mechanical Engineers (ASME) 1_3_7 "

*Mumbers in brackets refer to References on page 53.

b



Application

Outdoors (USA)
Summer

Winter

Indoors

Sedentary (summer)
(Hinter)
(summer)

Factory

(winter)

Low velocity duct
system (heatinz,
cooling, ventilating)

High veloclty duct
system (heating,
cooling, ventilating)

Cold storage

Industrial exhaust
Hood

Duct

TABLE 1

FOR VARIOUS APPLICATIONS

Range of Typical
Velocities Value
0-100 mph 7 mph
0-60 15
0-40 ft/min 25 ft/min
0-30 L 20 "
0-1000 * 100 "
0-250 " 50 n
300-2000 1200 "
ft/min
1800-5000 3000
ft/min
20-2000 Varies
ft/min with
product
50-200 ft/min 150
2000-6500 L000

¥ (H) - heating; (C) - cooling; (V) - Qentilating

AIR VELOCITIES AND TEMPERATURES

u5°

_300

0°

)

-40°

65

to

to

to

to

to

to

to

to

to

to

Range of
Temperatures

130°F

85

80
78
100

80

0

170°

150

65

%00

Q

Typical
Yalue

80°F

40

75
75

68

1250(H)”
550(c;

75 (Vv
100°(K)
2o
75°(v

Varies
with
product

85°



. where nozzles, venturis, or orifice plates of presumably known performance
characteristics - that is, the relationship between flow rate, fluid density,

and pressure drop across the device - are used for calibration.

Published performance data are taken as the calibration standard, and discharge
velocities are calculated from the inferred flow rate through a known discharge
area, If the discharge velocity is sufficiently high, say 450 ft./min, or
greater, the velocity pressure can be determined by a pitot-static probe
traverse, from which flow rate and velocity can be calculated without having

to resort to nozzles, orifices, or other restrictions in the flow,

Other methods have also been tried, such as dragging the meter probe at known

velocity around in a closed chamber of "still" alr, with questionable success,

One of the more sophisticated, delicate, expensive instruments, the DISA low
velocity anemometer, is calibrated by sweeping out 2 known volume at a

measured rate through a fixed area for which the velocity profile can be
determined [-?_7. The heated vibrating wire sensing probe is so small compared
with the area that velocity "at a point" is being sensed., However, this

type of instrument is beyond the budget and required accuracy of most

commerclal work, and has an upper range of only 200 ft./hin.

Desicn Objectives

The goal of this work is to design and construct a calibrator for commercial
meters which meets the following criteria:
1, Have provision to measure pressure drop across one or more nozzles

for determining the volume flow rate,



2, Produce a range of flow rates which result in discharge velocities
from 10 ft./min, to 2,000 ft,/min,

3. Conform as nearly as possible to ASIE Power Test Code criteria,

4, Include a holding device near the discharge to position accurately
the probe of the neter being calibrated,

5. Have provision for future addition of heating or cooling sections
10 heat the inlet air to 170°F or cool it to LOOF,

6. Include viewing panels so that entering and leaving sides of the
nozzles are visible,

7. Weigh less than 75 pounds, be portable, and be small enough to fit
on a desktop.

8. Be constructed of readily available materials,

9, Operate on 120 volt single phase 60 Hz electrical power,

Theory of Operation

A brief description of fluid meter theory of operation appears in Appendix D,
FLUID FLOW AND MEASUREMENT, page 63 . Based on that theory, this calibrator
was designed to consist of a fan section, a large plenum divided into {wo
sections by a partition contalning four ASME long-radius nozzles of different
diameter mounted in parallel, and a 4" diameter dischaége duct terminating in
a 2" diameter ASME long-radius nozzle. Figure 1, page @ , shows the
schematic arrangement of the various parts, A detailed discussion of

each part follows,

Fan Section

The selection of a fan for a particular duty requires knowledge of the



velume flow rate, total pressure and statlc pressure required, operating
temperature, capacity control requirements, and the operating characteristics

of the various types of fan,

The maxirnum and minimun flow rates were calculated from the relatlonshin
between the discharge area and the desired discharge velocities., For purrpose
of fan selection, it is sufficiently accurate to write the relationship as

follows:

g=AxV Zr1ﬂ7

where q is volume flow rate in £t3/minute
A-is cross-sectional area in ft2

V is outlet velocity in ft/minute

A long-radius ASME nozzle was selected as the discharge port (location G,
Fig, 1) for this calibrator to achieve an outlet velocity profile as flat as
possible [—14_7. Using a 2" diameter nozzle, 2,000 fi/min, outlet velocity
required 45 £t3/min, flow rate, and 10 ft/min, requires 0.22 £t3 /min, flow

rate,

The total head depends on the configuration of the calibrator, the head loss
through the calibrating nozzles, and the velocity head at discharge. At the
maximum flow rate, the discharge velocity head is 0.25" water (see

equation /20 7/ in Appendix D) and it will be shown later that the head loss
through the nozzles is about 0,28", For estimating purposes, if we allow
another 0,25" to account for friction and dynamic losses in the systemn,

then the fan should deliver 43 ft3/min, at 0,78" total pressure., 2y selecting
the fan to produce 0.78" static pressure (rather than total pressure) a

safety factor is included.
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The corbined requirements of relatively low flow at relatively high head,
compactiness, quiet operation, eccnomy and availability led to the selection

of a single inlet, single width, direct drive centrifugal fan having a forward
curved wheel, Figure 2 shows the performance curve of this fan plottéd .
from the'manufacturer's published cata, More detailed information on the

fan appears in the taterials and Equipment List, page 5%,

A forward-curved wheel has a dip in the volume vs, head curve, so most
manufacturers do not publish performance data to the left of the peak of the
curve, hoping to minimize the likelihood a user will select a fan to operate
in the unstable area, In Figure 2, -the unpublished portion of the curve is

shown dotted.

There are two possibilities for the relative positions of the fan section
and the plenum section, as shown in Figure 3. Each arrangement has several

advantages and disadvantages.

1, Drawthrough - two possible configurations are shown. The solid lines show
the fan located outside the plenum. The dotted lines represent a longer
plenum with the fan mounted inside, Elther drawthrough arrangement has the
following advantages:

a. Smooth airflow approaching the nozzles,

b, Easy access to the nozzle inlets, to change which nozzles are in use,

¢, No inlet plenum required,

d. Small expansion from the fan outlet to the discharge duct.

The fan-inside arrangement has the additional advantagze that no ductwork is

required to the fan inlet, since the fan can draw its air directly from the
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Plenum, This arrangement has two serious drawhacks, however, The plenum
rmust have an access door fer fan motor maintenance, which poses a sealing

problemn, and the heat given off by the motor enters the airstream,

These itwo rroblems are avoided with the fan-outside scheme, but twe other
disadvantages appear., Ductwor®% is required from the plenum to the fan
housing, because of the negative pressure at the fen inlet. Any air
entering or leaving the system downstream of the nczzles destroys the

accuracy of measuring the flow rate.

2. Blowthrough - if the fan is located upstream of the plenum, these
advantagzes accrue:
a. The heat given off by the motor has nezligible effect on the
airstrean,
b. Air leakage around the fan shaft occurs upstream of the neczsles,
before measurerent takes place.
¢, The motor is readily accessible for maintenance,
d. The fan section may be made removeble for inserting a heating or
coolinz section between the fan and the plenun (Location C, Fig. 1).
e. The plenun is positively pressurized, rather than negatively, so
any small leaks are mofe readily detectable.
Probably the most serious threat posed by this arrangement is the possibiliiy
of uneven or swirling airflow approaching the nozzles. Althougzh the inlet

plenum is very large compared to the largest nozzle, the relatively hizh

discharge velocity of the fan night create uneven flow.

To minimize this problem, an evasé (diffuser) with an expanding included
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angle of 14° was designed for the fan discharge to enhance the conversion of
discharge velocity pressure to static pressure.. The relative velocities in
the plane of the outlet of the fan section (locaztion C, Fig, 1) were measured
with and without the evass o study its effect., The resulté of thié study

appear in Chapter IV, CALIBRATION PROCEDURES,

There are several ways to achieve variable flow rates (capaciiy control)

witih a centrifugal fan, such as speed control, variasble inlet pre-rotation
vanes, inlet or outlet dampers, or varying the flow vs. resisiance character-
istles of the system Zrh_7. - Speed control and pre-rotation vanes both affect
the rotatlonal speed of the fan wheel relative to the incoming air, which
changes the fan performance curve, Figure 2 shows calculated values of

flow vs, head for 2,000 rpm wheel speed, based on the normal speed of 2870
rpm. Prerotation vanes have a somewhat similar effect on the curve, Howsver,
speed control or inlet vanes for a system this small are not economical and

would not cover the entire range of capacities,

Increasing the system resistance or using fan inlet or outlet dampers shifts
the operating point upward along the fan curve toward the no-flow or
"blocked off" point, At very low flow rates the fan would be operating in

the unstable "dip" portion of the curve, which is undesirable,

To avold these problems, the fan section is designed to include a spill
damper downstream of the fan but upstream of the plenun (location B, Fiz. 1).
Thus the fan can deliver a relatively constant volume of air, but at low
flow rates throusgh the nozzles most of the air spills out of the fan section,
bypassing the plenum and discharge sections., This method of capacity control

would not be acceptable on the drawthrough system, because it beccmes a



leak ggzgg.nozzle flow has been measured. However, leakage into or cut of
the system upstream of nozzle flow measurement is of no consequence., In this
design, the spill damper functicn is performed by the access_door to the
inlet plenum, Even with the door closed, slight fan section leakage is

unimportant,

Plenum Section

The ASME Power Test Code Zr3_7 specified dimensional tolerances for the
installation of orifices and nozzles under various configurations of piping.
For a nozzle discharging into a layge enclosure or being supplied from a
large enclosure, the Code stipulates the nearest wall parallel to flow shall
be at least five nozzle diameters away, and the nearest wall perpendicular to
flow shall be at least ten diameters away. These criteria established the
plenum dimensions and the arrangement of the nozzles in the plenum partition,

as will be shown later,

The selection of nozzles (instead of orifices) and nozzle sizes were based on
the range of flow rates, on minimizing the total head requirements of the

fan, and on the availability of components, For either a nozzle or an orifice,
the loss of head across the device is a function of the beta ratio, defined

as the ratio of the nozzle diameter (or orifice diameter) to the approcach

pipe diameter, For an approach pienum, the beta ratio is essentially zero,
for which the head loss is 1,0 times the velocity head through the nozzle,
However, whereas an orifice has a coefficient of discharge of about 0.6, a
nozzle has a coefficlent of discharge of 9.9 to 0.99, reaning that for a

given flow rate and diameter, a nozzle will have lower exit velocity and



[
(62

resulting head loss than will an orifice,

Based on some trial calculations, the combination of nozzle sizes for the
desired rance of flow rates was determined to bs 1/4", 1/2", 1", and 1.6",
Table 2 shows various parameters for these nozzles at several selected flow

rates,

The table shows the total range of flow rates can be covered using one nozzle
at a time without having the nozzle velocity go below 649 ft./min. or above
3183 ft./min, By using the nozzles in combination, the upper limit on

velocity is reduced to less than 2000 ft./min,

The plenum dimensions are derived from the ASME Code requirements previously
mentioned, The ideal cross-sectional shape of the plenum would be circular,
but the easiest shape to construct would be square., As a compromise, the
plenum is designed to be octagonal, Based on the largest nozzle (1.6"), the
octagon should measure 8" from center to édge, but when the other nozzles
are added, this dimension becomes 10". The length of the inlet plenum is
16" (ten nozzle diameters), and the length of the outlet plenum is 19" (ten
nozzle diameters, measured from the nozzle outlet), Figure 4 shows the
layout of the nozzle partition, with the dotted circles indicating ten
diameters from the center of each nozzle, It can be seen that no matter
which nozzle is used, the nearest wall perpendicular to flow meets ASME

requirements,

A static pressure tap is installed in each plenum as shown in Figure 4,



TASID 2

FLOVW CHARACTTHISTICS OF FOUR ASKE NCZZIES

Nozzle Flow Rate Velocity Vel, Pressure Reynolds
' (£t3/n1n) {ft/:ins ("EZ0 ¥umber x 10 7
22 610 022 2.00
" 1180 , 087 3.64
1/8" NS 1770 195 5.46
.8 23E0 247 ?.28
1.0 2950 43 9.10
1.2 3540 .781 10,92
1.4 4130 1,06 12.80
1.0 - 735 034 L,
1,5 1102 076 6.80
240 1471 - 135 . 9,08
1/2" 2.5 1838 211 11,34
3.0 2206 . 203 13.62
3.5 2574 A13 15.89
.0 2041 . 539 18.15
L,0 735 034 9.03
6.0 1102 076 13,62
8.0 1471 135 18,15
1 10,0 1838 211 22,69
12,0 2206 .303 27.23
14,0 2574 A3 31,76
16.0 2041 + 539 36.30
15.0 1078 072 21:22
20.0 1433 128 28.32
; - 250 1791 200 35.39
1,6" 30,0 ) 2149 .288 b2 48
35.0 2507 392 Lo, sk
40,0 2865 512 56,61
43,0 3183 L6 .63.35

Note: Velocliies, velocity pressures and Reynolds nurbers calculated; flow
rates selected arbitrarily.
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Outlet Section

The outlet section consists of a nominal 4" diasmeter duct, straightening
vanes, and a 2" long-radius AS!E nczzle, Although Figure 1 schematically
shows the outlet duct connected to the downsiream end of the outlet plenum,
the actual configuration pssitions the duct parallel to and alongside the
plenum, to save space, This places the 2" outlet nozzle close to the fan
section and requires a connection between the side of the cutlet plenum and
the side of the duct., Figure 5 shows the relative position of the plenunm

and duct,

Sizing the connection from plenum to duct is somewhat arbitrary, except
construction simplicity suggests a rectangular shape and one dimension is
made equal to the inside dianeter of the outlet duct {about 3.8"). Using

equation /[ 1_7, page 8, and assuning the other dimension at 10" gives:

v=14 %ﬁlﬁi = 163 ft,/min,

This average velocity has a velocity pressure so low (0,0016") that the

dynamic loss through this connection is acceptable,

Ideally, the alr approaching the outlet nozzle would have a flat velocity
profile with no twisting component, This condi‘ion can be achieved with a
very long duct preceded by straightening vanes, but it can be approximated

by having straightening vanes followed by a duct 10 diameters long /11 7.

There are several recommended designs for straightening vanes [_3, 11, 14_7.



¢ sandtg

JOIVEAITYD J0 MITA SIMIEWOST

5TZZOU 18T3INQ

\‘N
A" F— putyeq
Joduep T1Tdg

umus T4

mmwau.mpmﬁg S0TITLO




21

This calibrator includes vanes made approximately to ASME specifications,
The vanes are 7 1/2" long and consist of eleven 1" Outéide diameter tubes
and two' 5/8" outside diameter tubes, arranged as shown in Figure 6, The
vanes are positioned such that there are 4,9 diameters of duct doknstream of

the leaving plane of the vanes,

At the maximum flow rate, the average velocity in the cutlet duct is about
500 ft./min,, and at the minimum, 2 1/2 ft./min. Thus the velocity pressures
and friction losses in the discharge duct are not appreciable compared to the

loss through the calibration nozzles.,

The holding bracket for the probe of a meter being calibrated by this device
is located near the outlet of the discharge nozzle, close enough to the

pPlane of the nozzle outlet that the free stream velocity around the probe is
equal to the velocity leaving the nozzle. This is discussed more thoroughly

in Chapter IV, CALIBRATION PROCEDURES,
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CHAPTER TIX
CONSTREUCTION METIOCDS AND IMATERIALS

This calibrator is constructed nostly of plywood, except for the discharge
duct, which is commercial polyvinylchloride schedule 40 pipe, and the purchased

itens, such as fan, nozzles, wiring, and miscellaneous hardware.

ood was, selected fer the fan and plenun sections for ease in fabrication,
durability, low thermal conductivity, light weight, noise attenuatlon, and

availability.

The nozzle plate is recessed to receive the nozzles so that the Inlet face of
each nozzle is flush with the wood to ninimize turbulence, IZach nozzle is set

into its recess in silicone rubber,

The plenun is glued together and all interior joints are caulked with silicone
rubber to avold leakage, The interlor is painted white to aid visibility and
to sezl the wood ageinst nolsiure. The exterior of the plenum is sealed with
a clear primer, to which another finish (paint, stain or varnish) may be added

if desired,

The calibrator can be operated in either horizontal or vertical (discharze up)

Tl

position, 1ere are extensions at each end of the plenmum to rprevent rolling
in the horizontal position, and two of these extensions also hold the discharze
duct in place., Uhen the rlenum is vertical, twe of the extensions and a

lifting handle serve as feet,
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The fan section is made of plywood; ané ircludes the fan nounting bracket,

an access door, a removable evase, the discharge.nozzle and a holding

bracket for the probe of a meter belng calibrated. The fan section houses
the wiring to the motor, an on-off switch, a fuse, and a terminal stiip. Thé
interior is caulked, except at the access door, and painted white., The

exterior is sealed and painted,

The fan section is mounted on the plenum section by six wing nuts which are
reached through the access door. The fan is removable without disconnecting

any wiring by means of a Jones plug mounted in the fan platform,

The fan assembly is so arranged that the motor shaft is horizontal in elther
operational position of the plenum, and the o0il cups for the motor are within

45° of the top in either operational position.

A future heating or cooling section may be inserted between the fan section
and the plenum section by bolting the new section to the plenum with wing
mets and bolting the fan section to the new section. There is room on the
terminal strip to accommodate additional wiring if the heating section is

electric,

The access door serves the dual function of spilling excess air for low flow
through the nozzles, as previously discussed, and making inspection and
plugging of the nozzles possible, (At low flow, the larger nozzles are

plugged.)

The discharge duct is a 40 1/2" length of nominal 4" PVC white schedule 40
pipe. The inside diameter is 3 7/8"; the outside diameter is 4 1/4", This

material was selected because the interior is smooth, the material is 1light



and easy to work, and the thermal conductivity is less than sheet steel or

aluminum,

One end of the duct is plugged with 1/2" clezr plastic, which affords a view of
the straighteninz vanes and the outlet side of the nozzles, The 10" x 3 7/8"
outlet openinz in the side of the plemum is joined to the 10" x 3 7/8" hole

in the duct by plywood which is glued and caulked to prevent leakXs,

The straightening vanes are made of aluminum thin wall electrical conduit.
The tubes are held together by epoxy glue and held in place in the duct by

a forcelfit.

All of the nozzles are polished spun 2luminum, made to ASME specifications,
The discharge nozzle has been trimmed to meet space limitations, but not

enough to affect its performance,

The static pressure taps in the plenum are made of 1/8" copper tubing, and

are mounted flush to the inside of the plenum.

The entire assembly weighs 42 pounds and measures 45 1/2" long, 23" wide, and

22" high,



CHATFTER IV

CALIBRATION PRCCIDURES

Collection of Data

The calibration of this device required two separate steps, The first step
was to establish the relationship between flow rate through the nozzles and
pressure drop across them, As mentioned earlier (p. 4 )}, there are published
data about this relationship for nozzles and orifices under a variety of
conditions, taking into account velocity of approach, compressibility, and

so forth, so orifices and nozzles usually ere used without further calibration,
However, the low flow rates in this wor% and the shape of the plenum suggested
calibration would be desirable, Further, using two or more nozzles in

parallel seemed to justify measuring their performance,

The second step involved determining the velocity profile at the outlet nozzle '
so that centerline velocity {or some other arbitrary reference point) could

be calculated. This velocity is the useful parameter for using the calibrator,

Two techniquec were used for establishing the flow versus pressure drop
relationship, At flow rates above 12 ftj/min, pitot tube traverses of the
output nozzle were used to measure velocity héad, fron which flow rate was
calculated, At the sane time, static pressure drop across the nozzles was
measured, from which the flow vs, pressure drop correlaticn was established,

This procedure is discussed in more detail later,
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At low flow rates (12 ftZ/min or less), a calibrated positive displacement
bell prover generated the alrflow through the nozzles and the pressure drop
across the nozzles was measured with a hook gage, which reads to the nearest

0.001" of water.

A bell prover is used comﬁonly by natural gas utility conmpanies to calibrate
gas flow meters, t consists of a cylinder of accurately knsown volume
inverted and suspended in a tank of oil, which functions as a liquid seal,
The cylinder is ralsed to a calibrated heizht such that the open end of the
cylinder stays submerged in the oil. The cylinder contains air at slightly
more than atmospheric pressure (measured by a U-tube manometer mounted on the
frame of the prover), A system of weights, cable, pulley, end guide rods
allows the cylinder to settle, expelling the xnown volume of air in the
c¢ylinder through an output pipe during a timed interval, from which flow rate
is computed, Theo expelled air is fed into the inlet plenum of the calibrator
through a blank-off plate mcunted in place of the fan section (location G,
Pig, 1) and sealed off to prevent leaks, Thus a known quantity of air flows

through the nozzles in a measured time,

The rate at which the cylinder settles is controlled by the amount of counter-

welght used.

The prover that was used has a total cylinder volume of five cublic feet, but
only the middle four (from 1/2 to 4 1/2) was used for calibration, A typical

run was conducted as follows:

1, Hook gage leveled and zeroed, Tubing from gage to plenum purged of

water and connected,



2, Prover connected by 1" dlameter itubing to plenmum through blenk-off
plate. |

3., Cylinder raised to top position; cylinder pressure (in inchgs of

7 water), barometric pressuve, and ambient tenmperature recorded.

L, Prover discherze valve oraned, stop waich started at 1/2 £7 nark,
hook gagze adjusted to cdifferentizl water height, dischargé.air
temperature read, stop watch stopped at 4 1/2 ft3 mark,

a, In general, if the total settling time for the cylinder was
less that 60 seconds, one time interval was recorded for the
entire 1/2 - 4 1/2 £17 stroke.

b, For sloﬁer settling rétes, two stop watches wefe used, and
times recorded for incrementzl volumes during the stroke, such
as 1/2 - 2 1/2 (two ££7), 2 1/2 - 4 1/2, or 1/2 - 1 1/2,

11/2 - 2 1/2, etc, The smallest timed increment was 1/2 £,
This procedure was used to detect non-uniforn rates of settling

of the cylinder,

Repeated runs demonstrated that the settling rate was uniform if the total
elapsed time was less than about three minutes, As the elapsed time increased,

smaller increments were timed, and non-uniform settling was detected,

The slowest settling rate measured was 564,0 seconds (9 minutés 24 seéonds)
to sweep 3 £t° through the 1/4" nozzle, Each 1/2 £t increment was timed;

the first 1/2 ft3 measured 97.6 seconds, and the last measured ?0,8 seconds,

Wlthin any increment, the hook gage was adjusted during the middle of the
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time, and this value was assumed to be the average for the increment.

Subsequent justification for this procedure appeared when the data were
treated statistically to establish a correiation. This is discussed in more
detail later, Further, at low flow rates (long settling times) the differen-
tial head across the nozzle is very low (approximately .,050"), and it takes

tine to get an accurate adjustment of the hook gage.

The range of flow rates and nozzle comb;nations which were tested by this

procedure is as follows:

1/4" nozzle = = = = = « = = « = = = = 6.3 to 2.2 ftB/ﬁin
1/4" + 1/2" nozzles - = = - = - = - - 1.62 to 6.82 ft3/min
1/8% + 1/2" + 1" nozzles - - - - - - 5,43 to 11,90 £t5/uin

The upper 1limit on the range of flow rates using the bell prover is influenced

by two factors:

1. The settling time must be leng enough to allow the hook gaze to
reach equilibrium,
2. The pressure in the cylinder must not get high enough to cause

air to bubble out through the oil rather than through the discharge

pipe.

The lower limit is reached when the addition of more counterweight plus the

friction in the pulleys and guide rods prevents the cylinder from settlins,

L 3
This procedure is discussed in Refereénce 5,



For flow rates greater than 12 ft3/min, the fan section of the calibrator
served as the air scurce and velocitiy pressures at the discharge nozzle were
measured with a pitot tube, This procedure is well documentied [_3, X1, 1h_7

and will not be discussed here,

Treatment of Data

One necessary criterion in dealing with fluld flow data 1s to establish
"standard" conditions. For air, variocus standard conditions have been
defined, such as "dry air at 70°F, 29,92" Hg" or "air with a density of

5 1bn/ft sec", or "dry

0,075 1b/£t> and absolute viscosity of 1.225 x 10~
alr at 59°F at sea level", For this work, standard air is considered to
have a density of 0,075 1b/ft3, which is essentially dry air at 70°F,
29,92" Hg, By comparison, saturated air at the same conditions has a

density of 0,07425, so the effect of moisture content is, at most, less than

1% at this temperature and pressure,

It is shown in equation [-19_7, page 63, that the relationshlp between
velocity and velocity pressuré depends on the density of the air., The
calibration tests on the nozzles in this apparatus were performed over several
days, during which the density of the air was not constant and not

necessarily 2,07¢% lb/ftB. Therefore, all of the data have been normalized

by calculating what the flow rate would be for standard air at the méasured

pressure drops across the nozzle(s),

The measured flow rate was normalized as follows from egquation /18 /. P 63

where q = 1094,7 KA (h/d)l/z. It can be shown that, for a given neasured



- velocity head,

Uorn = Yactual (dactual /-075)1/2 L2
where quo»y 1s nermalized flow rate

Qactual 1S measured flow rate

dyeiyal is density of air of measured flow rate conditions

075 is density of standard air

Fan Engineering Zrll 7 gives an equation (p. 11) for calculating the density

of an air-vapor mixture as follows:

4. (b - e h) SG + eyhs /37
7538 (t + 4352.7)

where d is density in 1b/ft>

b 1is barometric pressure in "Hg

e, is vapor pressure of water at temperature t in "Hg
h is relative humidity (no units)
SG is specific gravity (1.0 for air)

s 1is relative density of water vapor (no units)

t 1is dry bulb temperature in °F

This equation is of the forn % = gT (the ideal gas equation), The numerator

of equation 1_3_7 is the sum of the partlal pressures of the dry air and the
water vapor, and the denominator converts °F to °R and includes the value of

R in the appropriate units. The specific gravity tern (sG) appears to accono-
date gases other than dry air, but in this case (for air) it has the value

1.0,

The relative density (s) is the ratio of the density of water vapor to dry



air, and is used because water vapor does not behave exactly as an ideal gas,
The value for s can be computed from the following equation (Fan Engineering,

Ds 7)t

h e")l/l.hz
s = 0,6214 + 13?38 [t/

where ihe symbols are the same as in egquation [P3_7. If the vapor behaved as
an ideal gas, s would be 0,622 (the ratio of the molecular weights of water
and air), The correction is very slizht for moderaste temperatures and

relative humidities, The following example will show this, .

Measured: t = 66°F; b = 29,30" Hgy h = 507% (assumed)

Lo
) (.5)(.6u2) /142 L5)(.737)
s = 6214 + —-——3536——— = 6214 + 130

n

6214 + ,000326 = ,621726

Because the pressure of the air in the bell prover is slightly'above baronetric
pressure, the bell pressure must be added to b to get the absolute pressure
in the bell, In this case, bell pressure was measured as 0,65" water, or

O475" Hg, Thus

g = (20,30 + ,0k7) - (,644)(,5)(1.0) + (,6u42)(,5){,£21725)
(+7538)(66 + L55.7)

- (29,30 + J047 - .322) + (.201) o o737 1b/5t3
396.2

Several conclusions may be drawn from these results:
1. Assuning a value for h (relative humidity), especially in the range
of 407 to 607 - typical of most indoor environments - introduces

very slight inaccuracy. The second and third groups in the numerator



reduce to: -e h + ewh(.622) = -,378 e, h, This entire tern
represents about 1% of the numerator, so-missing relative humidity
by, say, 10% introduces an error of 0.17%.

2. The influence of the bell pressure is similarly small. Even at the-
highest bell pressure measured during calibration'runs, lgnoring this
term introduces an error of 0,47, )

3. Calculating s from equation [-4_7 is unnecessarily accurate at normal
temperatures and relative humidity,

%4, The major influences on density at normsl temperatures are dry

bulb temperature and besrcmetric pressure,.

In computing the air density during the calibration runs, the following

equation was used, based on the above conclusions:

i b - 0.189eW
(754} (t + 460)

(57

Table 3 shows the results of these calculations of air density for all of
the calibration runs., Runs 1-4 were made with bell prover, Runs 5-8
involved velocity pressure traverses where airflow was provided by the fan

section,

The saturated vapor pressure, in inches Hz, is the e, term in equation [—5_7.
It is determined from steam tables for saturated water at drj bulb

temperature t / 8_7.
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TAZLE 3

CALCULATION OrF AIR DETBITY

- Run nunber 1 2 3 4 5 6 7 g
Nozzles 1/% 1/ 1/4+1/2 1/h+1/2+1 £11 411
Baronetric 20,30 29.27 29,21 28,89 23,95 28.9% 28,96 28,56

pressure, "Hg
Temperature, °F 66,2  £€9.0 69,0 72,8 77,0 78,8 81 g2

Assuned relative 50 50 50 50 50 50 50 50
humidity (%) ,

Saturated vapor 648 J14 L7914 ,807 .935 067 1,066 1,102
pressure, "Hg '

Calculated 3 0735 ,0730 0728 ,0715 L0716 ,0715 ,0705 0704
density, 1b/ft

Note: Runs 1-4 were made with the bell prover, Runs 5-8 had asirflow provided
by the fan section,

The next step was to establish a correlation between normalized flow rate

through the nozzles (which is proportional to the mean nozzle velocity) and

measured pressure drop, One form which the correlation might take 1s suggested

by the kinetic energy term of the steady state incompressible flow general

energy equation (Appendix D, p., 61). V2/2g = h, The ASKE Code [/ 3_/ glves

the head loss through 2 nozzle as a percentage of the velocity head at nozzle

outlet where the percentage varies.with the ratio of nozzle diameter to

approach diameter (beta ratio)., Thus the form of the correlation might be:
y = axP L67

where y 1s pressure drop, a and b are constants, and x 1s flow rate,



According to the general enargy equation, the value for b should be 2,0 and
the value for a depends on nozzle area, system geometry, Reynolds number,

and the units of the variouz ternms,

A computer program was used to calculate a and b and correlation coefficient,
r, for equation / 6 /. Table 4 shows the results of the computer calculations
for values of a, b, and r. The equation for r can be found in mcst books

on probability and statistics,
TABLE 4

FITTIEG DATA TO A POWER EQUATION

Number
Nozzle Size a b r of Runs
(1* /e 14069 1.779  .998 b2
(1) 1/4" + 1/2" .0250 1,901 999 14
(1) 1/8" + 1/2" + 1 ' |
.001556 1.982 999
(2) 1/4" +1/2" + 1 b4
(2) 1/4" + 1/2" + 1" + 1.6" .0001438  2,0175 .599 L

¥ (1) Bell prover data (2) Pitot traverse data

Althouzh fewer runs (at different flow rates) were made using the pitot
traverse method, 2L readings of velocitiy pressure were taken for each run
(12 each of two diameters), so the amount of raw data was adequate to minimize

the effect of random measuring errcrs ZF10_7.
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The equations expressing the flow rate vs. head loss for the nozzle combina-

tions thus be;omes:

Run Nozzles Equation

1,2 14 ho= oy ole78

3 /8" + 1/2v h = 025 q++9°
4,5,6 1/4" + 1/2" + 1% h = .00156 l.98
7,8 14" + 1/2" + 1" + 1,6" h = 000164 g2+92

where h is the loss in head and q is the flow rate, Although the normal
operating procedure will be to messure h to determine q (and then outlet
velocity), the data are presented here as h being a function of q because the

calibration procedure was based on that premise,

Figures 7 and 8 show the graphical representation of the above equations,
plotted on log-log paper with q being considered the independent variable,

The solid line in Figure 7 is the equation at standard (.075) density, and the
dotted lines show two other densities, Determination of other densities is

made using equation /4_7,

Once the flow rate vs, head loss relationship was established, the second step
referred to on page 26 was to determine the velocity profile at the outlet
nozzle for varlous flow rates, If the outlet velocity were constant across

the nozzle outlet, then v = g/A.

However, the velocity is not constant across any outlet because of the velocity
gradient at the boundaries and because the velocity profile approaching the

outlet may be influenced by upstream disturbances, In this case, having only
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five duct dianeters downstream of the straightening vanes would make the

outlet vrofile susrect,

The outlet velocity conditions were determined two different, but related,
ways, Where the calibration rrocedure made use of pitot traverses to deter-
nine flow rate, velocity pressure was measured at 12 points on each of two

diameters,

It is not necessary to calculate the veloclty at each pitot position in order
to determine flow rate, but the mean velocity, ?, must be determined,  which
is then used in the equation ¢ = vV x A, to get flow rate, Mean velocity is

calculated as follows:

-3
H]

1096.7 x % (hl/d}lfé + ves (hm/d)l/2 [7]

1
» izzéé? (h11/2 N h21/2 oo B /2y

This procedure used twelve readings on each diameter, so n = 24, The positions

of the pitot tube relative to the centerline (where radius = 0") are shown

below,
Position Number Distance from Center Actual Position
(centerline) 7 o" L —
1 .288" »29"
2 + 500" . 50"
3 46" JOh5"
L 764" 765"
5 866" 865"
6 958" 960"

(Nozzls Wall) 1,0



The actual positions used reflect the nmaximun precisicn peossible on the probe-
positioning device, ZHeference will be nmade later about the number 6 position

being within 4% of the nozzle wall.

Velocity pressure readings were taken at these points on two diameters with

a small pitot tube and a Qicromanometer. The probe of the pitot tube was
positioned approximately 1/4" from the plane of the nozzle outlet., The
ASHRAE Handbook of Fundamentals / 9_/ gives four diameters (4D), as that
distance from the outlet plane within which the maximum airstream velocity is
unchanged, In this case, the pitot tube was at 1/8D, and the probe of a
commercial meter being celibrated will be at about 3/8D, both well within the

constant velocity zone,

The velocity pressure was also taken at the centerline, although this value
was not used in equation ['?_7. However, the data permit ccmparison of
velocity values at various positions across z dlameter, Table 5 shows
comparisons of mean velocity, G, and,centerline.velocity, vcl' for all of the

pltot tube runs,

The ratio, G/Vcl is used to determine the actual velociiy across the probe
of a meter being calibrated (V,y) from the mean veloclity V which is
calculated from equation 1, This procedure is described in more deiall in

Chapter V, RECO:MENDATIONS.



TABLE 5

RELATION OF CEZNTERLINE AND KEAN VELOCITIES
(Fitot Tube lMethod)

Run Nozzles hcl* d vcl* ?* Vv
5 1/4,1/2,1 055" 0716 917 S04 .986

.916 " 495 471 952

013 1 446 411 922

6 1/4,1/2,1 23 ,0715 593 566 '.954

7 A 229 L0705 1858 1774 .955

‘ 226 ® 1870 1825 976

8 All 135 L0704 1426 1394 978

071 " 1033 1011 979

* h,; is head at the centerline
Vo1 1s velocity at the centerline

V  is mean velocity (computed)

At the lower flow rates, where the bell prover was the calibrated air source,

a slightly different procedure was used, The DISA low velocitiy anemometér was
used to determine the velocity profile from which the relaticn of centerline
velocity, Vo1, to mean velocity, ﬁ, was determined graphically. Ieter ;eadings
(not necessarily fit/min) were taken along a diameter inward every ,02" from the
outlet nozzle wall until the readings were substantially constant., The ratio
V/Vo1 was plotted versus (r/R)z, where r is the position at which V was read
(r=0at V="Vy), and R is 1,0", 3y graphic integration, a constant is

deternined which relates V to Vo1 / 8 /.



The resulis of ?/Vcl vs, pressure drop, hp, are plotted for all nozzle

combinations in Figure 2,

Interrretztion of Data

The logical and inevitable. question to be asked about any dazta is whether or
not they are accurate. dAccuracy implies the dezree to which the nodel (nunbers,
curves, equations) predicts and conforns tc the behavior of the device or
phenomencn it attempts to model. The ancunt of doubt reised about this
conformity and predictive vower is called uncertainty., The uncertainty

is the combined effect of random errors in the apperatus and the random errors

of data-gzathering.

Uncertainty here can arise in any one of three phenomena - the flow rate, the
neasured pressure drop across the nozzles, and the outlet centerline velocity.
Each of these was analyzed with the intent of quantifyinz the probable

uncertainty in the values of each.

deference 15 gives an equation for estirating the uncertainty, Ey, of the
result, R, of some function of independent variables X and Y, That is,

R = £(X,Y).

()% = (5,2,)% + (5,2,)° (87
where Ep is the uncertainty of the result
E_, is the uncertazinty of X
Ey is the uncertainty of Y
is the sensitivity; factor of X

S,, 1s the sensitivity factor of Y

t.-‘-

See reference 15 for the derivaticn o¢f /2 / and the definition of 3.
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The sensitivity factor of a varisble depends upon its functionzl relationship
to the result; that is, the eguation by which the result can be determined

from known values of the variables.

This procedure can be illustrated in the determination of flow rate by the
bell prover. Two instruments (prover and stopwatch) and two readings
(reading of prover and stopwatch) are involved, and the functional relaticn-
ship is the standard rate equation, flow rate = volume/time. Prover volume
has 0.3% uncertainty and reading the prover pointer has 0.2% uncertainty.
The sensitivity of volume on flow rate is 1.0. From equation / 8_7, the
uncertainty of determining véiume is 0.36%. The stopwatch uncertainty is
0.03%, but the uncertainty of reading the stdpwatch depends on the measured
time interval. For the shortest interval (17 seconds), the uncertainty is
1.1%, but for the timed intervsl at the lowest flow rate (37 seconds)., the
uncertainty is 0.2%. The sensitivity factor of time on flow rate is -1.C.
Combining all of the above in equation / 8_/ yields an uncertainty of f{low

rate of 0.41% at the lowest flow rate (about 0.3 fta/ﬁin) and 1.2% at the

shortest measured time (6.8 ft2/min).

Similar analyses were made on air density, nozzle pressure drop, and center-
line velocity (DISA and pitot traverse). Table 6 shows the results of these
calculations. Finally, the uncertainty of ceaterline velocity V.3 versus

pressure drop across the nozzles, hL’ is plotted in Figure 10.



TASLE 6

UNCERTAINTIES AND SENSITIVITIES

Parameter

A.

Air Density

1l. Barometric pressure
'~ a. Barometer
b. Equation

2. Relative humidity
a. Estimated value
b. Eguation

3. Temperature
a. Thermometer
b, Eguation

L4, Result

Flow Rate

1., Volume
a. Bell Prover
b. Eguation

2. Time
a. Stopwatch at lowest
flow rate
b. Stopwatch at shortest
time
¢. Eguation

3. Result (lowest flow rate)
(shortest time)

Flow Rate vs. Nozzle
Pressure Drop

1. Hook gage
(lowest flow)
(shortest time)

Instrument Sensitivity
and Reading Factor
Uncertainty
0.24%
1.005
10.0%
-0.005
1.0%
-0.132
0.36%
1.0
0.20%
1.10%
-1.0
2.50%
0.10%

Uncertainty
of Result

0.2%



TASIE 6 (Cont'd)

2. Flow rate (from B-3) 0.
1

n oI
!.—J
KR

3. Regression equation
(lowest flow) 1. 76
(shortest time) 1.90

L4, Result (lowest flow)
(shortest time)

b
#¥

Velocity Profile

1. Pitot Tube (10 to L3 ft-/min)
a. Micromanometer 6.25%
b. Positioning pitot tube 0.50%
c. Velocity head equation 6.5
d. Result ' ' B

¥

2. DISA meter (.3 to 7.0 £t5/min)
a. Meter 1
b. Positioning probe O.
¢. Bguation / Ref. &_7 2.C
d. Result 3.0%

Determining Centerline Velocity
from Flow Rate (lowest flow)

1. Flow Rate

2. Density correction
3. Velocity profile
L. Result 5.4%

=3
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CHAPTER 1
RECOMMENDATIONS

The user of this calibrator rmust be aware of its characteristics and lirmite-

tions, Some suzzestions for its use are listed below,

The tynical user will measure head loss and want to know flow rate. Therefore,
the least squares computer prozram was used to fit a curve to the data in this

fashion:

g=2¢C hD ZP9J7
where g is flow rate in £t3/min
h is head loss in "H,0

C,D are constants

These equations and their plotted curves avpear in Figures 11 and 12, It is

imoortant to note that flow rate is in "standard” ftB/min (d = 0,075),

Mean velocity, ?, at stendard conditions is then calculated from V = 45,81 ¢

(1/! = 145,81 for the cutput nozzle, including a slighi, but messurable, out-

of-roundness), Xean velocity a2t test conditions must be determined by malinz

a correction for air density at ftest condltiions,

= o 075
Viest = Vstd (d ) Z-10_7
test

Vo at test condlitions then may be read from Fizure 9.
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Flow Pate, q, in ft?/min
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The portion of the nozzle sutput cver which V = Vo1 varies with flow rate,
That is, at the lowest flow rate, the "centerline tube" has a diameter of
0.8", 4t maﬁimum flow, it is essentially 2,0". Therefore, when a neter is
calibrated, the probe must be positioned with care, and the sensing element

should be no more than, szy, 3/4" long.

At outlet velocities of less than 190 fi/nin, the device should be operated in
the vertical position so that ambient convection currents do not distort the
outlet profile., In any case, calibration should be conducted in a still roon

where ambient air motion is low,

The next step in the development of the device should be to design and con-
struct a heating section, Velocity profiles should be run at the outlet of

this séction with and without the evasé in place,

It is recommended that the evasé be used at all flow conditions for the Tresent

configuration.

Several tests were made of relative veloscities in the plane where the fan
section joins the plenum (location C, Figure 1) with and without the evass in
Place. As nmight be expacted, the wvelzcities were nore uniform and the average

velocity was hizher with the evasé in place.



CHAPTER VI
CONCLUSICHS

In recognition of the need for calibrating commercial air velocity meters, a
device has been designed in complisnce with established theory and test codes,
constructed by conventional techniques with readily available materials and
hardware, anéd calibrated withustandard precision instruments by acéepted

procedures.

This calibrator will produce known centerline velocities ranging from 15 ft/min
to 1950 ft/min. The minimum radius of the "flat" portion of the velocity
profile (where V = Vcl) is 0.4", which occurs at the lowest flow rate. At
this flow rate, the estimated uncertainty is 5.4%. &4s the-flow rate increases,

the estimated uncertainty decreases to 2%.
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APFENLIY A

MATERIALS AYD IMSTRUNENTS

IList of llaterials

1. Supply fan Model 20-7€1 Dayton centrifugal fan, single
inlet, sinzle width, tor horizontal discharge,
counterclockwise rotation, direct drive 1/45
hp, 120/40/1,

2. Calibration nozzles long-radius ASME standerd nozzles, aluminunm,
sizes 1/,n, 1/210' l", 1.5".

3. Discharge nozzle long-radius ASME standard nozzle, aluminum,
size 2",
L, Discharge duct Schedule 40 PVC plastic pipe.
5. Wozzle plste 1/2" A3 grade interior plywood.
6. Plenun ends and feet 1/2" AR grade interior plywood.
7. Plemun sides, fan 1/4" AB grade interior plywood,
section, evase
8, Straightening vanes 1" and 5/8" thinwsll aluminum tubing,
9. Miscellaneous hardware Jones plug, 12" long plano hinge, #4 muts and

bolts, 1/4" bolts and wing nuts,

Instrunents

1. Barometer Taylor Instrument Co., temperature-compensated,
29" to 31" Yz scale, least count 0,05" Hz, (o
serial number), '

2. Bell prover Supericr Meter Co., with attached thermcmeter
: and U-tube manometer., NMechanical Enzineering
Dept., (gSU) #1366, 3Bell: 5 ft3, least count
1/10 ft°; manometer: 4", least count 1/10%,
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DISA anénometer

Hoolt gagze

Microanenoneter

Pitot Tube

Stop watches

Thermometexr

wn
n

DISA, Inc., model SIS0, eode QNESFINN2, serial
215 with transducer and power sunply; scale
t st count 1 unit.

A
ranze 0-100 uni

F., Diryer model 1429, Yechznical Ensineering
#1033, BRBanze 0-2", least count 0,701",

Merian Instrument Co., nodel A-750, seria¢
310571, Yechenical Engineering 'ML? rang

B N B L e Sis T =_

0-20", least count 0,01",

United Sensor & Control Co,, Mechaniczal
Engineering #1717. Least count on positicninrg
bar 0,01",

One Racine Select, 0-60 seconds, 0-30 nminutes,
least count 0,2 seconds,

" One leylan Breno, same as above,

Fishér Instrument Co, TAG model 581377, range
66-80°F, least count 0,2°F,



Abbreviations

ASHRAR

ASME
OSHA

e

Symbols

' =y

IJHEéﬁ:gt;D‘D'DGQ*IJEﬂm oo o =P

I
o
i3

APPENTIY 3

ABBREVIATIONS ATD SYIZ2OLS

Anerican Society of Heatinz, Refrizerating, and

Airconditioning Hngineers

American Socziety of llechanical EZncineers
Y s

Occupational Safety and Health Act

volyvinylehloride

arbitrary consiant

area

arbitrary constant
barometric cressure
arbitrary constant
density

arbitrary constant
diameter

vapor pressure of water
uncertainty ¢f a result
uncertainties of ¥ and Y
accelaration by zravity
weizht flow rate
relative hunidity

head

head loss

velocity head

mercury

hertz

arbitrary constant
force or nass

nass

nass

£12
"Hg
1;7ft3
;;;hes
"o

=

£t /sec?
1b/min
o

i
ft-1b/1b
ft or in
ft or in
1/sec
pound
pound
pound



Synbeols

wWH G dgs

E;gm
(92}

X"y

o= 0N

L\"I:a.'*‘-‘.'ib‘:-dqr-]
o’

mmber (quantity)
pressure

volume flow rate

radius

correlatiicn coelficient
ras constant

radius

relative density
specific zravityr
sensitivity factors of X and Y
tenmnerature
temperature, absoclute
volune

velocity

centerline velocity
mean velocity

- weight

distance above or below datun

T
Th L=
ft3/nin
inches

1b-ft/1om-
inches

on
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APPENDIX D
FIUID FLOY AND BASURENENT

Introduction

The flow of fluids, either liquids or gases, can be clzssified several ways,
The fluid can be either newtonian, non-newtonian, or ideal (hypothetical case).
It ney be compressible or incompressible (although all fluids are compressible,
liquids are considered incompressible in most practical cases and freguently
gases are treated as incompressible), The fiow may be steady or unsteady with
respect to time; it may be uniform or non-uniform from vpoint to point, It
might ﬁe rotational or not; suzercritical or subceritical. The flow regine

may be laminar, turbulent, or transitional Zr6_7.

For this work, the fluid (air) is considered newtonlan and incompressible,
because the chznzes in density are less than 5%. The flow is subcritical
(below sonic velocity), steady at any point with respect to time, but non-
uniforn from one point to another. Any rotational flow (except in the fan)

is unintentional and minor, hence disregarded. The flow regime depends on the
Reynolds number, which is a function of the veloclty, some characteristic

dimension, and the kinematic viscosity.

The Continulty Egquation

Steady flow means the velocity profile of the fluid at a given point does not

vary with time, although the velocity profile may vary from point to point

60
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(non_uniform). The conservation of mass, or continuity, equation at points 1

and 2 in a system may be written as:

G = dlhlvlz d2A2?2= constant

where G is welght flow rate in 1b/min
d is fluid deasity in 1b/7t3
A 1s area in £t?
V is mean velocity in ft/min

[

Since d is constant in incompressible flow, the equation may be writien as:

=) oy
I

A]_Vl = AZVE H

q = AV

where q is G/d or volume flow rate in f£t>/min

Enerzy Balance

[12]

[ 137

The steady state version of the Bernoulll equation is usually written as:

2 2

v P v P,
1 1 2 2

+ Zy = +—=—=Z,  +— + =+ ¥
. 1 2z d 2 25 )

where Q is heat added tc the process
W is work done by the process

Z is distance above an arblirary datum

[T

Each term has units of foot-pounds per npound, which is usually abbreviated to

feet,



In a systen where no heat or wor 1s added or removed, and where fricticna

effects are disregarded, the equaiion may be written as:

(Z9 - 2,) + (Vlz - V22}/2 = (P, - F;)/d [157

c

Usually in gaseous fluid systems, the first term is very small conmrsred to the
cther two and czan be neglected, That is, changes in elevation are usually
slizht compared to other changes, Equations Zfih-d7 and [F15_7 a2lso contain
another simplification involvinz the relztionship between the Vz/Zg term and
-the actuel Tinetic energy per pound of fluid., The kinetic energy is greater

than V2/2g, but for turbulent flow, the difference is slight.

For steady incompressible flow where friction is present, the equation may be

written:
2 2
v s \'¢ P
-L-|~-—:£=-2—+-2-¢—hL [16 /7
2g a 2g d

where hL is loss in head because of friction

In a condult of constant cross section and no change in air quantity, the
veloclty terms are equal and can be cancelled out, leaving an expressicn for

the loss in head as:

hy = Yty [17]

Thus, 2t a constant flow rate in a constant area conduit, the effect of
friction is to decrease the P/d term, This term is referred to as the static

head.

The relationship tetween velocity, V, and velocity head, hv' is developed



from hV = VZ/Zg. Velocity head is deternined by nmeasuring total head and
static head of a flowing stiream with a pltoi-static tube connected to the two
legs of a U-tube wanometer, If the manometer contains a different fluid than
must be converted to feet of

he fluid beinz measure he manoneter reading
the f1 b z d, t % z

head of the flowing fluid,

Thus, if air is being measured by usinz a manoneter reading incnes of water,

(=

and the desired units of velocity are feei/ninute, the equation becomes:

v.= (2ghv)1/2 ZF18_7

Insertins the aporopriate vslucs ylelds

vV = 1096.7 (hv/d)l/z 197

where V = velocity in ft/min
h, = velocity head equivalent, in inches of water
d = density of alr flowing, in 1b/ft3

Tor standard air (d = 0,075), the equation is:

v = 5005 (n,)/? [207

Measurement Mathods

The pitot-static rrobe nethod of determining velocity head uses the above
relaticnships to calculate velocity. There are well-established procedures
for deternininz mean velocity, ¥, from velocity head readings taken zt vzrious
points In the stream flow, If the flow area is known, flow rate can be

calculated fron nean velocity.

If access into the flowing siream is fessible, the pitot-static probe



(&

technigue is a very satisfactory way to determine flow rate, However, it is

not always possibile to insert the probe in the stream,

Nany other technigues and instruments have tbsen developed to measure flow,

Table 7 is a copy of a list of meters which appears in Fluid lleters 3—3_7,

showing the classes and types of flow meter, OCne major class of meter uses
differentisl pressure to determine flow, where some Tunctional relationship
can be established between static pressure differential and velocity through

a known area,

liozzles are included in the category of differential pressure rate meters,
and prerformance coefficients have been develaped for nozzles built to standard
specifications., However, recent work has indicated some slight disparities

between published coefficlents and measured performance [r12_7.

The calibrator described in this thesis uses standerd ASHE long-radius nozzles,
but the standar@ published flow coefficients were not used, The nozzles were
calibrated specifically for the flow rates and configuration used in the

celibrator,
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TABLE 7

Classification of Fluid Meters and Methods of Fluid Measurement

Division Class . ) . Type
1. Quantity Maters Reighing Reighers
Tilting Traps
Velumetric Tank

Reciprocating Piston
. Rotating Piston or Ring Piston
Liquids Nutating Disk
Sliding and Rotating Vanes
5 Gear and Lobed Impeller (Rotary)
Gases Bellows
1 Liquid Scaled Drum

2. Rate Meters Differential Pressure Venturi
Flow Nozzle
Nozzle=Venturi
Critical Flow Nozzle
Thick-Plate Pounded-Edge Orifice
Thin-Plate Square-Edzed Orifice
- ) Concentric
Eccentric
Segmental
Gate or Variable Aresa
Centrifugal
Elbow or Langvﬂadius Bend
Turbine Scroll Case
Guide Vane Speed Ring
Pitot Tube (Impact Tube)
Pitot-Static Tube
Pitot-Venturi
Linear Besistance or Frictional
Pipe Section
Capillary Tube
Porous Plug

Area (Geometric) Gate
Cone and Float
Slotted Cylinder and Piston

Velocity
Open or Clesed Channel Cup {Anemometer)
Propeller
Closed Channel Turbine
Head-Area Weirs
Flumes
Force .
Open or Closed Channel Hydrometric Pendulum
Vane
Closed Channel Transverse-Momentum
Flow Meters
Thermal
Open or Closed Channel Hot Rire

Total Heating
Other Meters and Methods ‘
Open or Closed Channel Electromagnetic
Tracers
Mixtures
Floats and Screens

Closed Channel Pressure-Time
.Sound Velacity
Light Velocity
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ABSTRACT

laminar flow clean rooms to hizh velocity industrial exhaust systens to blast
tunnels for quic™% freezing, has been augmented by recent federal lezislation

which requires that air volumes and velocities meet srecific criteria,

‘There has always been a problém of calibrating airflow neters quickly,
inexpensively, and accurately, especially at low velocities of, say, less than
fifty feet per minute, This thesis describes the design, construction, and
calibration of a device which produces krown cutlet velocities varying from 15
fpm to 1950 fpm with a calculated uncertainty of 4,37 at the ninimum flow rate,

The device can be used as a calibretor for commercial air velocity meters,

It consistis of an array of four ASME long-radius nozzles mounted in a plenum,

a supply fan, and an outlet duct which terninates in a 2" AS!E long-radius
nozzle to rrovide as flat a discharge velocity profile as possible, Static
pressure drop across the nozzles in the vlenum is measured to the nearest

0.001" H,0 with 2 hcol gage, and flow rate and cutlet velocity may be determined

by consulting the calibration curves provided,

The calibrator is portable and nay be used in the horizontal or vertical

position,





