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ABSTRACT

A survey of the literature was oonducted in order to svaluate the ability
of the turbine meter to meet the {low measurement needs of the Fleet.
Parameters effecting meter performence were investigated as well as pertinent
related topios, The turdine moter is turdensd with the inherent weaknesses
peculiar to most velooity sensing meters, It was found suitable for future
use in shipboard sutamation und fusling-at-sea applications under the
following provisos: a turbine mester satisfying current shipbuilding spec-
ification access flunge reguirements should be developed, or the specifica-
tions making this demand revised., If one of these cannyt be accomplished,
investigate other pulse output meter types which will et the access

flange requirement and may also drive direct totalising devises, Apolication

%' guidelines and standard practices should be prepared for the meter type(s)

ultimately selected for control-input and fusling-et-sea use,
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SUMMARY PAGE

THE PROBLEM

To study the state-of=the-art of the turdine flowmeter in arder to assess
its suitability for use in the naval envirorment. Acquire irformation of
the type neaded to prepare specifications, epplicetion guidelines and
standard practices for the turbine meter.

FINDINGS

The turbins meter is judged to be suitable for use, with limitations,
in shipboard sutcmeation (control imput) and Nelinc-t"c-cea qpplioation-
provided that umrwturorc develop a meter noting ihe scceas {lange re-
quirement of existing shipbuilding specifications or that these requirements
be revised. Mailure to wocomplish at least one of these msasures virtually
disqualifias the turbine meter {rom future consideration,
RECOMMENDATIONS

Actively solicit developmsnut by the fnﬁutry of a turbine mhter iot.tnc
the access flange ‘equirements in effect today. Simultansously re-evaluate
this requirement with revision in mind. In the event that both of these
effarts fail, investigate othar meter types with a pulse output which oan '
satisfy the access flange requiremen. and may alsc be capable of driving
direct totalising daﬂ.oul. Prepare standard prectices end spplication
guidelines for the turbine meter or any meter type deemed approprigts for
similar applicatiuns, Enoourge development of a flow condition standardising
mschanisn whioch might ciroumvent approsch effects on most velocity sensing

maters,
u
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AIMINISTRATIVE INFORMATION

This project vas authorised by reference (a). Costs of the project were
charged to SFOl3-06-20, Tesk 3950, This is a final report.

Balexances:

(a) NBIL Semi-Anmual Program Summary of 1 May 1966 (r#OTAL)
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NOMENCIATURE

4, = various internal diameters, £t

) D = peter bore diameter, 1t g
e = base of matural logarithms 3
I = £luid moduius of elastioity, 1b/rt® ; ;
F = foroe, 1b 3
7 K = scalibration fector, oyoles/gallom :

~ g,

n = rotor angular velooity, RPM

Q = flow rate, £t'/min |

API = American Petroleum Institute

ASME = American Soclety of Mechanical Engineers
ASTM = American Soclety for Testing and Materials

|
|

Gresk Syabols

P * fluid mass density, 1b sec’/ft

B = fluid abesolute viscosity, lb seo/ft
V = fluld Xinematic viscosity, £t*/sec
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REPORT OF INVESTIGATION

INTRODUCTICHN
Beginning in Worid War II, new {low metering ruquiremsnts in many
industries caunred instrument engineers to look beyond the traditionally

el 1oL I o AL AT TSR U S S o

used veriabls area, variable heed, and pusitive displacement type flow-

[IRpCAT:

msters, Thare was & nev need for instruments of higher accurecy, faster
response, and greater versatility under oxtroploporuting oconditions.

This search began in the aircraft engine industry whare powerplants for
larger airframes and supersonic speeds were Loing dsveloped. later, the :
missile, chemical, and petroleum industries required similar meter character- i

ey

iytios although in widely-differing applicatiocus. Iunstrument mamufacturers
responded to these needs with the turbine ype {lowmeter or transducer.

These msters have been devrloped to the point where they are widely used
industrially on meny types of flow measursment sid control applicetions =
custody transfer, prooess controls, prudustion tasting, batoching, and blending
to rame & few., Their use on shipboard, however, bas been infrequent for a

varisty of reasons. Notable emong these are exiating safety regulatiocns
and the sxpense of necessary associatsd electronic equipment ac well as its
maintenance. Despite these present day fectors minimiging their use, it
is felt that the turbine fluwmeter can make a future contribution as ship-~
board automation beccomes more prevalent and fueling-at-ses techniques more

sophisticsted.
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FLUID DYNAMIC CHARACTER OF TURBINE FLOWMETERS

A guuwerally accepted staten=nt concerning operation of the turbine
flommoter is that the fluid flowing through the meter causec the rotor
to twn st a speed directly proporiicrnsl to the average velocity of the fluid,
This is mot entirely true, The effective anzie of the rotor blades determines
the aotusl speed at which the rotcr turna for a given fluid volume flow (1)%.
It is the "imperfect” charscteristics 61' fluids which cause a lerge part of
the deviation from ideal meter pecformen:ze, as well as confusing ths under-
standing of turbine metsr operation, The flmw of any real fluid produces
tangential frictioral for'ces which are called viacc:g forces, The action
of such invernal shearing forces results in a dsgzadation of mechanical
enargy intn heat or unavailable thermal ensrgy (2). In hydraulic terminology,
these shearing forces are referred to as "absolute viscugit:" or the ratio
of shearing siress to the rate of sheering strain. Abiciute viscoeity is

;?orrec'l to wideiy as “"dynamic vigcosity", The English urits of

«ite vigcoslty are pound-second per square foot, Also used widely ir
te lern "kinematic viscosity" wilch is the ratio of dynamic viscocity to
fluld mess densiiy. The English units of kinematic viscosity are foet
squared per second, '

In ine weration of a turblne meter, it is mot pussible to have the
Telative velocitivs of the varioua por-lons of the turbine rotor perfectiy

matching those of the pessipg f1l.id, This is true because the rotor must

] Numbers in pereantheses designate references listed in the bibliom’ph,y.

T TR Taew - o - C———— e e ————- - a—— R,
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move in a cirocular path, which is at right angles to the general direction

of the fluid flow and secondly, the distorted velocity profile (due to the
anmular shape of the pussage) mekes it imposasible for bladed rotors to

present a constant effective angle to the flowing fluid, This shearing

action coupleq with the dynumic viscosity of the flulid causes a motion
opposing torque or force to be exe:t_ed upon the rotor. This viscosity=created
torque will always tend to cause the rctor to move more slowly than ideal.

The rotation-restraining-torque resulting from the effects of viscosity is
directly proportional to the fluid velocity, This means that if the fluid
velocity is doubled, the viscous drag force would double,

In order for the passing fluid to turn a turbine rotor, it must be able
t0 exert a force that creates a turning torgue upon the rotor., This turning
terque 13 needed to overcome the rotor's own inertia and the visccus drag
upyr the rotor., For a fluid to exert such a force, it must poasess botn an
appreciuble mase and velocity. With a given density fluid, tha force that
can ba exerted 1s a function of the asquare of velocity. Thus, if the fluid
velocliy vare doubled, the turning vorque avallable for the rotor would be
four times greater. At a fixed fluid velocity, the torque available would
be directly proportional to the density of the fluid. Therefore, the fluid
density and velocity level both determine the energy available for turning
the rotor. The greater the avallable energy, the closer s rotor's speed
approaches the ideal speed._ The "i4deal speed” is the speed which is directly
proportional to fliuid velocity.

Restating the léy facts brought ocut above, it can be said that the effects

of viscous drag tend to reduce the rotor speed by a factor directly

Ll 1
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proportional to the fluid velooity. Also, the turning tarque ocapabllity
of the fluld is direotly proportiomal to its density and to the square of
ita welooity.

FACTORS AFFECTING PERPORMANCE

The turbine type flowmster ia categorised broedly es & velocity \ype
meter (3). The metered fluld mey be either a liquid or a gas with the
entire pipe flow pessing through the metar.

Figure 1 shows a typiocal turbine type flowmater. This typs meter trens=
aits informetion concermiag rotor rotation by generating elsotromagnetio
pulses in a pioXxup coll outside the metar cssing. Pulses in tks pilokwp
20y be generated by magnetised blades (che pulss per blade), or bty passsge
of a steel blade pest the magnetised ocre of the plokup ooil (ot;n pules per
pols). The pulses are trensmitted through the unbrolen Ton-magoetis wall
of the mater casing. A slight meguetic attreotion betwesn rotar and piolD
coil provides an additional resisting torque that affecta the usesbles limit
of the meter's range. The pulses ir the piclp coll must bp amplified and
then either counted by en elsotronic totaliser, chguonioun.y counted for
a predetermined gated time interval for rate indication, or delivered o o
frequency metar Tor rate imdicatiom. |

Tha turbine mster is affected in varying degrees by many tui_uu. These
include flow rate, viscosity, density, temperature, pressure and Wpatrean
piping configuration to name a few. '

These effects, as nearly as is possibla, will be isclated end discuseed
ssparately.

PR
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Haon Bata
Wen considering epplication of the turdins flommeter, the instru-

mentation engineer is interested in pressure loss, voltage -(nitud., {requenay
of elsotricsl sigml, and the calibration factor exprossed in elsctrical pulses
generated per unit volums of flow. These values sre all funotions of flow
rate, Figure 2 shows typical performence aharacteristica for a turbine mster
operating on & low visoosity fluid,

50

1, Pulse Mrequancy
2. Calitration Fector (K)
Pulses/iMmit Volume -

3. Pressure loss

E:

3

Percent of Valus at Rated Flow

0 50 100 150
Floerate, Percent of Rated

FIG, 2 TYPICAL TURBINE METER PRRFORM;HCE
Turbine msters are dssignmed 0 have a presswre loss of five to ten psi

st the Tuted maximum flow rate. The pressure loss is approximately propor-
tioml to the square of flow rate. Care muat be exsroised when applying
the turbine meter to maintain s aufficient xinimm pressure level in order
t0 eliminate the hassards of cavitation. This minimm pressure level varise
with the partioular meter and fluid in use., Thus, satisfactory mster per~
formance requires s higher supply pressurs than migh* s Muuﬁby
preacure 10es alone,




NAVSECPHILADIV Project A=-771

The AC voltage gensrated in the pickup coil has a magnitude approximately
propartional to turbine velocity or rate of flow., It is generslly in the
Tange of 100 to 1000 millivolts FMS depending on the makes and type of meter,
The frequensy of the generated AC voltage is proportional to flow rete or
turbine velocity and ranges from 200 to 4000 Hertz at a maximm rated flow
depending on meter design. There are both high and low frequency meters on
the merket today with the high frequency meters possessing ths advantage of
greater readout resolution and the disadvantages of reduced range of linear
operation,

As abown in Pigure 2, the calibration factor (K) is a function of flow
rate. The K factor is usually linesr within £ 0,5 percent for flows within
the range 15 to 1004 of rated flow. This statemsnt is true for operation
with low viscosity flulds. The range of linsar operation is, however,
“affected by the design and size of the meter, and fluid viscosity. The
nonlinear portion of the K factor curve is caused by the retarding forces
produced by electramagnetic and mechanical loading on the turbine as well
st changes in flow pattern within the meter. The value of ths K factcr varies
with meter design and cen range from less than 1.00 cycles per gallon to
several hundrad thousand cycles per gallom,

Yiacosliy

The importance of viscoeity effects on turbine mster performance

cannot be overestimsted, In sddition to being e function of flow rate,
K factor is also a function of viscosity. Hochreiter (4) perfarmed a
dimensionsl analysis of turbine type flowmeters in terma of flow rate Q,
rotor anguler velocity n, meter bore diameter D, fluid denaity p, and
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fluid sbsolute viscosity y. He develope ihs following dimwnsionless
relationships:

e [ 2

Substituting kinematic viscosity y, for abeolute viscosity, the tollqing
wvas obtained:

&8

These quantities can bs carrelated ageinst one snother in the same

way that conventionmal arifice coefficients may be correlated against

Reynolds mmber. _'
Previcus to Hodhrsiter's work, an snalysis of the xinematic flowmeter (

was performed by Head (5) to inolude scme externmal forcs F, fluid com=

pressibility E and additional geametric variables such as intermal or rotor

dismeters, 4 eapd & tC producs the following reiationships:

s Tr S T B

These dimensional relatiomships are spplicedls to any type of con-
tinucus motion devics such as ibe various designs of poeitive displace-
ment, turbine and propellar type meters currsntly available, The flow
coefficient % and the viscosity parameter BF. can be used to degoribe the
performance of turbine meters if the retarding foroces acting on the turbine

S

~

sl <y = e st = T




NAVSECPHILADIV Project A=771

are lnsignificant and an incompressible fluid is being materesd, Experi-
mental work by Schafer (6) shows that significant devistions “rom a smooth
pPlot of these two quantities are caused by retarding forves wshose effect
depends upon meter design and varies considersbly between different sizes
and makes, Therefore, the parameters developed by Hochreiter cannot be
used far turbine meters with the same precision as, for example, the
Coefficient of Discharge versus Reynolds mumber relationship for orifices,

The effect of viscosity on turbime meter linsariiy is explained by one
mamufscturer (7) in terms of dboundary layer. The skin friction (viscous
effect of the boundary layer) is s function of Reynolds mumber., Flow in
ths boundary layer is laminar at low Reynolds mumbers and turbulent at
high Reynolds mumbers while in the transition region there is a gradual
w from laminar to turbulent flow. lLet us consider the application of
a given size meter to s low viscosity fluid, where flow is turbulent at
the meter's minimm operating frequency. An increase in fluid viscosity
at this minimm frequency produces a decrease in Reynolds mmbar which,
if large enough, will producs flow in ths transition regloa. Im this regica,
viscous drag actually decreases with a corresponding incresse in K factor
at this frequency. A further increase in viscosity and decresse in Reynolds
number causes laminer flow with an attendant decresse in K factor due to
increasing viscous drag.

This short discourse explains the charscteristic "hump” and rapid
"drop off" in the K factor curve in Figure 2. The exact shape of this curve
depends on meter geomstry, memifacturer and flow range. In low capacity
meters, the viscous drag may be of such magnitude as to eliminate linsarity
entirely, i.e. the entire curve will have a significant positive slope.
It can be ssid that low flow rates, small meter sizes and high

9
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viscosities all tead to dscreass the linear range of a mster.

In‘l_ry, the exaot influsnce of viscosity on s pearticular turbdbine
meter camnot be mou.ﬁtch sstimated, To obtain precise meter calibration
information, a metsr should be oalibrated under viscosity conditions as
neer as possible to those to de encountered in use. Viscosity corrections

obtained for a particular meter should be used carefully since they are
not always appliceble to other metsrs of the sams meks and sise.

Jamperaiuxe

The temperature effects on turbine meter perfarmance ere manifested in
several ways. Most obvious is the thermsl expansion of the meter bore with
an inoresse in temperature. Iis exact valus depends on the materials of
comstrustion, Thermal expansion will ceause a lower fluid \ locity and in
turn, K faotor, for a given rate of flow. Thig effeot can be significant
et in memufacturing circlas is felt to be predictables. According to a
leading memufacturer (8), the correction for thermal expansion of 1000
degress Fahrenheit is about mimus two percent and is linsar,

Other temperature related phencasna are the effects of fluid viscosity
and lubricity., The interaction of thermsl exransion and viscosity influsnces
caused by an increase in temperature can conceivably have opposi‘te' and at
times cancelliing effects,

The temperature induced viscous effect with oils can be sizeabls as
discussed earlier. For water service, this is generally negligible sinoce
turbine metere operate most effectively in the region of the viscoeity of
water (about one centistoks).
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Large increases in the temperaturs of water cause the mare difficult to
analyse problem of dimdnishing £luid lubricity. The effects of dscreasing
fluid lubricity can be significant with water, particularly et the low end
of the flow range. Its magnitude depsnds largely on the bearing materials
and doli‘n which are used,

High pressure, high temperature turbine meter calitrations performed
at NAVSECPHILADIV (9) 2howed a marksd difference in the perforsance of
nf.erl submitted by two msjor mamufacturers. In the unsatisfectory weter,
it{ was found that at high temperatures, large deviations in X factor ocourred
dus to incressed bearing friction cmused by greatly decreased fluid lubricity.

Preaguin

Ths {wdemental degign of the typisal turbine type meter permits its
use jn high praasure applications without feer of cstastrophic failures,
The mamifacturer merely aselects the approprirte weight pipe and end connec-
tiome (negeliy flangas for high pressure work) to accamodate a given pressure
lsval,

“he two main areas of interest when considsring pressure effects on
turbine meters sre; minimum pressure necessary to prevent cavitation and

prossure pulzations.

Zavitri.m will effeci ot oaly s celibration factor, tut may also
produes mechenical affesis on such internal meter parts as the rotor and
bearings, Mur the purposes of this report only the former will be discusaed,
The ocowrrence of cevitation in a meter sutosatically indicetes the presence
of geses in the iiquid flow streem. 7These gases are present when the siatic
presmro. lovel is below soms minism yhich 1s & funotion of fluid wapor

pressurs, maximm flow rate and meter design. These errors are generally
n

o
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small but may be a problem in applications requiring cxtreme accuracy.

70 avodd this Aifficulty, it is recommended that the meter outlet pressure

s at lsast 10 pei higher then the minimm required to prevent vapor formation
(6). An opereting pressure of 50 psia will avoid most cavitation problems.
This velue is for liquids of approximately sero vepar prossure and should

be adjusted wwards for fluids of higher vapcr pressure. Likiting thea maximm
flow may also evoid cavitation difficulties.

Of greater importance than cavitation in most cases is the influence of
pulsations in the flow lins. This phenomeva is present in most systemms
wvhich include rotating mschinery such as pumpe. 7The influence of pulsatiom
is felt to be more important than ihe relatively insignificant effects of :
pressure oa viscosity and density of the liquid,

The amplitude and frequency of the pulsetions is dspendent upon pressure -
level, oonfiguration of the high pressure flow oircuit and pump speed.

“Fluid Meters" (10) states: "The effects of pulsations on a flowmster,
with the possible exception of almnt arrangsments in branching circuits, 1a
10 maks the meter read an indicated flow whose aversge is greater than the

trus average". The text also states that it is the pulsations in flow, mot
pressure lsvel, which influsnces the performance of fluld meters. The

direoct msasurement of flow pulsations is very difficult as compared to the
measuremsnt of pressure pulssticna. Since f1low pulsations are &iyectly
Telated to pressure pulsations, this problem is usually considered in terms

of the latter.
In tests conducted by Shafer, et al, (11) it was found that calibration
fastor inocrssses significantly at low flow rates when using high pressure
levels and high pusp speeds. Theas increases wors as large eas 1,36% for C}

2
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a given meter at a pump speed of 3000 rpm, The authors found that pulse

attemistion with a simple accumulator in line did not greatly minimise the

oo

pulsation effects, The accumulator in conjunction with special fittings

was more successful.

-

In summary, it is ixportant to emphaesizs that a precise high pressure
calitration is not feasible unless provisions are made for adequate con-
trol of pulsations in the {low line.

apaliy

Denaity, in itself, is not considered to be a major influsnce on tur-
bine meter performsnce in liquid flow measurement applications, It is
of samewhat greater importance in gas flow messurement,

The mein difference between ges and liquid measuremsnt with a turbine
meter is the effect of a much lower gas dsnsity, The turvine rotor slip

resulting from nonfluid retarding torques (meinly besring load and magmetic
Plokup load) is inversely propartional +o the density of the fluid %eing
measured. The dansities of most liquids are relatively high and iheir
variations with pressure and temperature are sxall, Therefare, it is not s
difficult to design a liquid turbine flowmster (except ocne of very small :
aigs) to have sufficiently low nonfluid retarding torques so that within
& ressonabls operating flow rang® the resulting rotcr slip ia small. This
is trus even though the retarding torqus atiributsble to bearing load may
vary considerably depending upon the lubrioity of the fluid being msasured.
The effects of density changes are manifeasted at the two extiemes of
the flow range., For example, considerg turbine metar designed to operate over

13
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1 given f{requency range with liquids of 1.0 specific gravity. If a liguid
of 1,5 apecific gravity is used, {here will be a 50% increcse in driviog
force available at the meximm rated frequency. The differential prsssure
across the meter is Increased a similar emount. Thiza inoreased pressure
drop can reduce the life of the bearings. Conversely, a decreased fluid
densicy will reduce the linear range of a meter since at the low end of
the range, the nonfluid retarding forces tend to became large us compared
%0 the driving fluid forces.

Fluid density wnile not a major factor in liguid flow measurement applica=
tions should be cousidered by the engineer., Its influence is predictable

and can be & factor et the high aand low endy of the meter ilow range.

Conditiou of Floy

The turbine flowseter, fundamentally a velocity sensing mechanism, is
aensitive to nonstandard approach conditions. This sersitivity to abnormel
velocity profiles is one of the problems confronted in epplying these meters
to shipboerd use.

The flow characteristice of a fluld siream entering a meter are esiablished
by the piping uperiream of the meter. Whan this pining is of standard atraight
length, normal roughness, and devoid of disturbance inducing valves, etc,,
the flow inte the meter is "nmmai"., A flow disturbance is defined as any
factor which modifies this flow. These modificatione caw take tha form of
changes in the normal velocity profile or in the creation of a aignilicant
vortex or swirl flow., +Vulocity profile changes cen be either 2 elswing
of the normel profile or development of a nongtandard profile shepe,

Skeved profiles are caused by nr symmetrical disturbancee puch es
velves, regulators, and esingle or multiple benis. Abrapi changes in

Vs o - A
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upstream pipe diameter also ceuse ncnstanderd symmetricel velocity profiles.

Tha aost serious of the aforementioned upstream flow abnormalities is
rotational flow or swirl. I* has the effect of changing the angle of
attack between the liquid and the twbine blades with a correasponding change
in rotar speed for a constant flow rate. Swirl, preseni in most piping
syztems, is caused by some pumps end sharp bends and will not be eliminate:l
by using straight lengibs of pip» upstream of the meter, To avcld this
problem, straigntening vanes ar sertions of the forz recommended by ASME
(12} should be used upstream of the metei, Two types are shown; the tube
bundle iyre, and the perforated plate type. The former 1s quite adequate
far removing swirl but is of minimel value in correcting umusual velocity
profiles. The verforated plate type is axcellent for both profile and
swirl correcticus but is m-re cestly to marmfacture and causee a larger
permanent preasure loss in the line,

It an effort to minimize zwirl influences on their meters, most manu-
festurers include simpie gstraighten'rg vunes in their design. These vanes
are only a partial solution at Lest. Therefore; to obteln high eccurecy,
the internal streaighteners must be supilemsnted Ly fiow straighteners
desigued primarily to eliminste swirl so that the flow pattern may be
normalized. Where poesitic, the flow straightener should be physically
attuched to the meter with both transferred from eystea to system as s
undt, Precautions 1o eliminais svirl and msinteln turbulent flow should

be taken if accuranies of one percent or better are desired.

15
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Mamfecturers custcomarily recommend straight pipe requirements of 10
pipe diamsters upstream and 5 pipe diameters downstream., This iz a bare
minimm, A good general rule ie to provide as much profile settling up-

stream piping befors the myter as system design will permit. The mamifacturers
downstream recommendation of 5 diameters is adequate unless some severe
olatruction is piaced at this point in the system.

Meter Orisntaiion

In mogt cases, a turbine meter will operste satisfactorily in all
positions, Sleeve bearing meters are more vulne.able to crientation effects
than bell bearing wype meters, Such effects are non-uniformand are gensrally
confined to the lower one third of the meter range,

Orientation cun be a factor in two ways; where the meter itself ie imn
a vertical line with upward flow as opposed to a horizontal position, and
whare tha pickup coil is in an angular position during horizontal operationm,

Tests run by Shafer (6) show the effect of vertical versus horizontal
operation to be smell (0,2%) at maximm flow and increasing gradually to 3%
at one tenth of rated floyw, These tests were run with a 100 ool capacity
meter with a fluid whose viscosity was 1.2 ceniistokes.

Similar tests show that for a 180 dsgree rotation of the pickup coil
from its normal poeition during horizontal operation, the difference between
an up or down position of the pickup coll can affect it X fscixxr by oms
percent or more in the lower one third of ths meter range, Deviations of

1his size are rare but differences in K factor of 0,2 percent are not.
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Acourate prediction of the magnitudes of these effects is difficult due
t0 the physical differences between meters of varying mamifacture, size and
design, A good gemeral rule is to calibrate the particular meter in the

same position or orientation in which it 1s to be used,

DYNAMIC RESPONSE

For many years, the turbine type flowmeter was used almt?et entirely for
steady state flow measurement in rocket end jet engine applicetions.
Recently, there has been a growing interest in the measurement of instanteneous
values of oscillating flow rates. This new interest causes the transient
regponse of the turbine type flowmeter to be considered significant.

The transient response of this type of instrument is best described by
the time constant of the rotor when subjected to a step change in fluld
veloocity. In other words, if an instantancous increase in flow rets ocours,
the rotor will accelerate from a speed corresponding to the original flow
rate to a speed corresponding to the new flow rate. The time required to
accelerate the rotor to its new speed (or some percentage of its new speed)
is a measure of the time constant. It is customery to compute the time
required 10 reach a fraction (1-1/e) of the imposed velocity increment,
where e is the base of natural logarithms. This required time is callad
the time constant.

Grey (13) performed a theoretical analysis on the transient response
cf turbine flowmeters in which he predictis time constants of one to ten
milliseconds in response to a step function. The variation in response was
found to be a function of blade angle, meter size and flow rate. It was
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als0 determined that the sigze of the assumed step increment of velocity
had no effect on the time constant (i.e, on the time required to reach a
fixed percentage of the corresponding rotor gpeed increment). This is in
scocord with expectations for a metar with linear response to flow rate.
Similar experiments conducted at the National Bureau of Standards corroborate
Grey's predicted response timsz but found pressure wave travel time and
liguid inertia to be an important part of the overall system response
phenamsnon. In mamufacturer's literature, response times of 2-5 milli-
seconds to as high as 20-50 milliseconds are given. This wide variation
makes it imperative that, in areas where quick response is significant,
this value be investigated and evaluated for adequaoy prior to purchase of
a given meter.

In many transient applications, pressure wave travel time and liquid

inertia may be more significant influences than the response of the turbine
meter,

ASSOCIATED INSTRUMENTATION
The turbine flowmeter, with an electrical pulse output which is roughly
a linear function of flow rate, lends itself to many and veried applications.
Several of thase applications in the area of shipboard systems autamation
include: autcmatic data logging, sutomatic dsvelopment of tank sontents
informetion, automatic control of fuel-tank selsction and automatic de-
ballasting control (1;). The effactive use of the turbine meter in these
arcss required sophisticated and often expensive associated instrumentation.
This aquipment generally falls into two categories, digital and analog
readouts. These readout systeme sense and convert the frecuency. rather

18




T T MTRTRITRATTTmeTT T e

TR T T

Y

NAVSECPHIIADIV Project A=771

than voltage magnitude, of the signal produced, to units of flow.

The digitel system, using a conventional elsctronic counter to indicate
elther pulses per unit time or total pulses received from the mster, pro-
vides the highest readout precision, These instrumsnts will totalizs the
pulses generated by a flowmeter over s preselscted time intarval to an
accuracy of plus cr mimis one pulse, Direct digital resdout of flow rate
or total flow can be obtained with electronic counters having selectable
time bases. Where indication in gravimetric units is desired, instruments
containing provisions for mamusl adjustmsnt of fluid density must be used.
In a typical industrial spplication, the flowmeter can be used in series
with a densitameter w.th both signals fed into a computer whose output
drives a mass {low rate indicatcr or recorder.

In the enelog system, the meter output is fed into a comnverter which
generates a DC voltage directly proportional to meter frequency. A mulle-
balance type instrument, such as a potentiometric indicator, would typically
be used to indicate or record the mugnitude of the generated voltage in
te;-ms of flow rate units of pounds per hour or gallons per mimite. The

“overall accuracy of a good quality converter-indicatar cambination is usually
in the area of 1/4 to 1/2 percent of full scele, Because of the slow res-
ponse and internal damping of mull-balence indicators they are not appro-
priate for use in fast transient applications. The frequency converter
alone should be designed to have a time constant squivalent to that of the
flowmster, This will provide satisfactory flowmeter-frequency comverter

transient performance for many coamputer and recording applications,
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Ir designing a system using either digital or analog electromic
squipment, care should be talken to select a readout sensitive enough to
senss sach and every pulse gensrated by the flowaster in its opersting
range. Also, spurious electrical pulses mst not be permittied to blas the
readout indication., The choice of resdout instrumentiation depends upon
the partioculer application and resdout accuracy required. The readoui
instrumsntation selected should be compatible with the frequency and
voltage ranges of the turbine flowmsters to be used. These valuss vary
widely among the mamufacturers and models available,

CALIBRATION

Calitration of any flow messuremsnt device requires adherence to the
acoepted general prinoiples of flowmeter calibtration practice reccmmended
by such authorities as ASME (10) end API (15). Precise calibration of
turbine flommeters requires a knowledge and control of the previocusly
@lscussed factors which may influsnce mster periormance.

The besic probler in any calibration syster is to insure escourate,
precise and repeatabls calibrations while keeping cost within externally
imposed limits. In 2 given calibration system, the moet accurate calibra-
tion is obtained by testing the meter at conditions es near as posaible to
those encountered in use,

Calitration systems can take many forms. The mosi frequently used
methods are static weighing systems, dynamic weigh systems and the com~
parison msthod utilising a transfer reference mster. The static-weigh
method of flommeter calibration is coasidered to be capable of graater
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acocuracy than dynamic msthods becausre the latter introduces additional
dynsmic errors (16). Both of these methods are swerior to ths ocamparison
metho.. It muat be seid, however, that dynemic calibretion methods are
adventagesous to use since the tims required to perform a calibration is
usually only & fraction of that required using the static mathod.

It is the experience of NAVSECPHILADIV, which uses the static weight
method of calibration shown in Figure 3, that the largeat esources of cali-
bration error are the result of temperature, weight and specific gravity
determivation. These factors are discussed separately.

Ismparature
Such influences as density, viscosity, and t0 a lsaser oxtent, f{low

condition are some function of temperature. This relationahip makes it
imperative that temperatuwre be msasured with calitrated instruments to an
acouracy of 1 F or better, A one degree errcr in temperatu”e measurement
carresponds to an uncertainty of about 0.08% in the volums-eeight ratio
of a hydrocarbon fusl. Probadble {luid temperature vuriations within a
systerm make it important to locate the sensor as close t0 the test mster

as possible. To0 avold the effects of temperature stratification in a pipe-

lins, the sensor should also sample a large psrcentage of the flow stream,

¥alghs
The least count of the weigh ecale used determines the quantity shich

must be weighed to acquire scceptable weight resolution. Por sceles with
8 /4 pouod least count, a normal calitration run of 100 gellons, weighing

21
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a nominal 800 pounds, would produce a weight uncertainty of adbout 0,03%.
Scales should be calibreted periodically in order to maintain the desired
level of calibration accuracy. Records of these calibratioms should be
kapt to permit detection of deleterious trends in scale calibration,

Eludd Spegdfic Gravity
It 1s our experience that the largest single source of error in oil

calibrations is the specific gravity determination, usually expressed in
dsgreee API, Inacourate gravity determination wiil affect all subsequent
calculstions which make use of this value, e.g., gallons per pound or its
reciprocal. ASTM D287-55, GRAVITY OF PETROLEUM PRODUCTS, notes that the
degree of repeatability of the API meesuremsnt by hydromster (which is the
method most often used) is about #0.2 API, An errar of 0.2 will produce an
error of approximately 0.14% in the conversion from weight to volume.

These factors are the most significant in e static gravimetric cali-
bration, Such effects as air buoyancy and {£luid pressure are present but
are relatively insignificant.

There are a mumbter of costly dynamic weighing calibrators available
commercially today. These systems are used where the time consuming
aspect of static systems 1s undesirable. Usually dyramic celibrators
determine the time interval required to collect a preselscted weight of _
liquid, the weighing being performed while the liquid is entering the scale, i
tank or other weight~determining collector. I -m the typlcal dynamdc
weighing oalitratar shown in Figure 4, it can be seen that three important
dynaxic phencmena talks place during the weigh cycle. They are: the change
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in impact force between initiel and final weigh points; the collection of

an extra smount of fluid from the falling <clumn by the rising level in

the tank; and ths changes in inertia of the scale and weigh tank with a
resultant change in time required Lo accelerate the weich beam past the

timer trip point (17). The effect of these factors though not discussed
here in quantitative terms, is to maks the dynamic calibrator a sophisticated
and costly device which can only be used economically where a large volums

of ocalibratvions are performed.

In using either celibration system, care mist be taken to provi:. ale-
quate ocontrol of the flow pattern. While each meter contains integrel
straightening vanes, the calibration system should include flow normalizars
from the types discussed earlier., The system should also refrain from using
such disturbance producers as walves or elbows near the test meter. A
ugeful guide to distances to be used under various conditions 1s provided
by ASME (12).

A turbine meter calitration system, whether static or dynsmic in
principls, must use certified standards of mass, time, temperature and
density to prowuoce precise calibraiions. Piping should be desigr~4 8o that
disturbances peculiar only t© the calibrator are not induced,

CORCLUSIONS

Performance characteristize of the turbine flowmeter were found to be
very well documented. The qualitative effeocts of verious combinations of
envirommental conditions are well known. Precise quantitative determination

of these effects on meter performance is difficult since they ere a function
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of moter design, sigze, memufacturer, age, upstream piping conflguration and
many otoer factars,

Future improvemente in the turbir> meter field seem most promising in
the arsas of materials tecanology, bearing design and in the reduction in
gost cf compact end durable peripheral electronic equipment. Improved
materiels ard bear’ngs would expand the already wide range of commercilal
applications but would not bes of immediate ve v+ I° the Fleet, It is felt
that a lesc costly meter-raadout package, without compromising performance,
could meke the turbine meter a desireble slternative in meeting the future
needs of the Fleet. This is particulariy irue in the ares of sami or fully
avtomated ships of the future where meter outputs would be used as control
inputs.

Horetofare, the turbine meter has not been used widely on shipboard for
reasons including its iuherent wealknesses and the irequirezents of existing
shipbuilding specificetions. The principal factor prohibiting their use ie
ths access flange requirement which says that the meter interior parts mmst
be capable of removal without removing the meter from the pipelinea, Develop=
ment of a turbine meter with this capability would permit its widespread use
in such areas as fueling-at-sea end condensate flow measurement.

Development by the industry of devices which would serve to staudardize
if not normelize the condition of the flow siresm wouid be desirabla, an
example in this area is a turlence producing device, highly repeatable in
effect, which in performing its function would not introduce greater problems
than it would Jolve. This device could be either an integral part of the

meter or a ssparate unit to be installed at same point upsiream of the meter,
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The informati~n obtained in this survey provided the innuts neceasary
for preparation of a propcsed detail military speciiication on the {urhine
meter and could, if called upon, be the base f¢r preperation of epplicetion
guidelines and standard practices for the.- use,

For the aforementlioned reasons, tre or!.ineily pienned broad besed
tect program is considered unnecessacy and will i be conducted. However,
future advances in the field will be closely nonitored snd test programs

initicted as deemed necessary.

RECOMMENDAT IONS

So that Fleet flow measurement practices may keep pace with future needs
and developments in such areas as shipboard asutomation and fueling-et-sea,
actively encourage application of the turbine meter where it ia competible
with existing requirements,

Toward this end, solicit the cooperation of turbine meter mamufaciurers
in developing and subsequently producing u turbine meter which can satisfy
the access flange requirement of shipbuilding specifications. At the same
time, re-evaluate existing shipbuilding specificaticna for possible areas
of revision. If development of the redesigred turbine meter is not accom-
plished or specification revisions are found to be impossible, investigate
other meter types with a pulse ocutput which cen meet the access flange
requirement and moy also be capeble of driving direct totalizing Adevices.

Prepare stardard practices and spplicetion guidelines for ‘he turbine
metsr and any other meter type deemed egppropriate for similar uses.

Fncourage development of a flow conditicn stendsrdizing mechenism

which might circumvent approach effects on most velocity sensing mmters.
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