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Abstract. The paper presents an investigation on the uncertainty of calibration facility for LDA. It discusses the
eich uncertainty source of the facility. A novel approach is applied 1o assess dynamically the uncedninty of the
rotating disc's roumdness deviation, With this method, we have the relative expanded uncertainty as Ug=5.5= 1w

for #5% confidence about the fcilicy,
Eay words LDA  calibration facility

1. Introdoetion

The measurement of Bow velocity w, with LDA can be
ascertained [1] as
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where fip is the Troppler frequency, S the fringes
spacing, or say the instrument consiant, & the
wavelengih of laser beam, and p the angle between tvo
laser benms. The 1ask of the LTkA ealibration focuses
on detemmining 5, whicl is ascertained in most
calibration lnbaratorics by mensuring LIDASS fp with the
known 1, There exist sevenl different ways o
generiie the constant particle velocity w,. A method
widely used is based on the rotating disc. Physikalisch -
Techniscle Bundesanstalt (PTB) sct up such o
calibration facility several years ago[2]. The purposc of
this paper is to investigate the unceniainty of the
facility, which enjovs an imponant pasition in LIA
calibration.

2. LDvA ealibration facility

Fig. 1 is the schematic dingrom abeart this facility,
which is composed of following parts: the rotating disc
il s draving meclanigin, the individual particle
cloosing device and LTrA signal ncquisiton onsd
processing unit as well oz the numencal contredled
fransverse.
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Fiz. 1 The scheenatic diagram of LD ealibration facility

The ratating dise of the facility is cylindroid in shape,
with about 15 mm eylindrical height . The disc is made
up with transparemt plass, its mean radivs r= 92,0787
o, tee maximal eccentricity is less than 7 pm

uncerizinty eviluation

determined by coordinator mensuring machines. A step
matar is used 1o deive the dise so it rodating angular
frequency e is contrallable. The tangent velocity of the
particles an the cylindrical surface of the dise will be:

Twa echerent Inser beams are crozsed amd focused on
the cylindrical surface of the dise to form an ellipsoidal
mensuring volume consisting of interference fringes. As
the particles on the cylindrical surface pass through the
fringes during the rotation of the disc , the scaitering
signal of the particles will be picked up by the
photodiode of LI, It reisdess the tangent velocity of
these particles. Fig.2 shows the relation between the
scattering particle on 1he rotuting disc amd measuring
volume. In this cnse, the tangent velocity of a panicle
will be orthegoenal 1o the fringes.

It is irnportant for the driving mechanism to keep the
rotating disc maoving in constond angular Crequency.
This driving mechnnism consists of a pulsc generator, a
step motor, o rotating angle detector and a frequency
meter. The frequency meter is used o get the periods of
the dise revolution and deloyed pulses to locate the
relative circumferential position of the particle w be
measured, In addition, it can moniter the constancy of
the angrular frequercy.

There are some cases of overlapped scatlering particles
in the measuring volums, The multi-particles will cause
fluctention of I signal. A device i needed to choose
the individual particle by conjugation of a logic- gate-
selecting signal and frigger signal at signal sampling.
By tuning the phase of the delaved AND pulse used as
the external trigger signal, a satisfaciory Doppler burst
of individual particle can be abtained.

3. Uncertainties sources due to installnfion

I there wepe no installations ceror, the uncertainty
analyais would be based simply upon:

f]’-‘ |:.3':|

{* present address: China lnstitwie of
Beletrologry,
Hangzhou 310034, P.R.China, lvjingltclekbird.com.cn)




Fi. 2 The relation berween the scartering particle on the
ratating dise and mexsuring volome

In practice, the instnllotion ermor is unavoidiable, Thera
ang two practicn] possibilitias:

17 The altitude of LDA probe in £ axis direction 15 ne
the same as that of the disc's center, i.e. the light axis of
LDA is not through the center of ratting dise, In this
cose, the measuring volume position is chanped up or
down from the normal position, as shown in Fig 3 (o)
from P 1o . Conscquently, an emror will ocgur about
the tangent velocity v, because vy 15 not exactly the
trunsversal velocity neross the fringes. The aetual
velocity to be measured will be the velocity projestion
orthogonal 1o the fringes w , 1.6

r, =M, -COSCE

(4)
where a is the melination angle between Qe ol
line of the Fn'ngus and tangend line at ' position.

It practical calibration, it is attempted 1o avoid this
case by ensuring the speckles svmmetry of incident and
scattering beams to adjust the altinede of the probe in Z
axis dicection, When the altitode of LDWA probe in X
axis dicection is lower than the height of the rotating
disc's center, the dircction of normal line n' of
seitttering will rotate with a, the asymunctric speckles
of incident and scattering beams occur as shown in Fig
3(b), where T and 1" represent the two speckles of
incident beams, and R as well as R represents the two
speckles of seattering beams, L is the distance betwecn
thee LA lens and the rotating disc rim, L is about
300rmm.

2} The rolating disc may have a position deflection
glspwn as Fig. 4. Tn dhis way, the velocity magnitude 1o
be measured will be the vertical projection of the
tomgent velocity of the disc w, 1t is the same occasion as
that of the inproper ingtallation of the ealibrated LDA
probe so that the planc of the transmitting beoms h o
an obliguity 10 the disc plans whils the disc 15 in
perfectly mstallation position,

(b Agymmetric speckbes of incident nod seatiering beums

Assuming that the obliquity is 3, the measured velocity
projection in Z-axis u,e will be:

i, =u, cosfd (5)

The positional relation beoween the error sources o and

[§ discussed above can be illestrated by Fig 5, and ()
should be modified as

St - COS Y - Cos 7
- (6]

This is n typici] "cosine ervoc™ problem, which have
been expatiated in Annex F of [3]. By [3], two new
varmbles Sy=1-cos a and &=1-cos [} can be intreduced,
pssuming arl), frel,or &<, 8:<2] as is the case in
practice, Then we have

§= ’J;—.‘”-ﬂ—ﬁ.:u-u — ) = (1=, - 5)

2 B )]
where &;= o'/, &= [52 .

Following is the discussion about the uncertainty for
every e in {7) in decail.




Tig. § The positionn] relation between o and
4, Uncertainty estimation

By derivation of (7, U wncertainty analysis
expression aboyt S ean be written as

TN =G e e e A P8 g

with the sensitivity coclficients as follows,
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IT it is nated as K={1-8-5;), then (10) can be modi fed
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Each contribulery iterm in this expression is analyzed as
Follows.

4.1, & and iy

When the laser light axis is through the center of
roftating disc (Fig 3(b)), the relations abowt te
seattering speckles position and beams are

e
L.
r

WNE = WE' and e
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Tleues it is expected to keep f8 = F7
possible in colibration proctice.

In the case of the laser light axis being misaligned, it
leadds WE = AR far the scattering speckles. Let the
asymmelric value be defined ns

Agya={ TR — "R W2, it will approximate as
following ns long as a being small.

A =L-tga=L.a

nm

Asyur can be kept in 1mm, then it vields

A
e o 100033 rad
L L]

a s saisfeciory with the symmetnc reclangular
distribution about its expected value of zero within the
bound of 00033 rad, or £ 0.00165 rad. By [3], it has

]
Mﬂ;“— = 4537 =107
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w(8,) = |220L85" _ 4 osex10”
43 radl.

The obliquity [ is also expected o be o symmetric
rectungrulor distribution with upper and lower bounds of
H)LE® aned -0.5°, or 00087 < [ = 0.0087 rad. Simalarly,
wi have

E(y) E‘-%“—'= 126% 107 rad

wiid, )= w-—-l_]:ﬁxlﬂ" rad
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4.5, o

The angular {requency w of the rating dise is
expected to be kept in constant during the calibration,
By formula o=2m-f=2n/ T, where T is the periodic
pulses of the rotating dise, we lave the uncertinty
expression of o as
math
T-?

wlw)=2m-
(9}
According to the record of the disc's periodic pulses,
we hove

blean of T: 100015.0684%7

Standard Deviation of T: 17,736
The Nuctuation of periodic pulses is met with the
Gaussian distoibution, the standard deviation of the
Muchiation of periodic pulses can be taken as the
standard uncerninty. Therefore the uncertainty of the
anpular frequency cin be yielded as follows

o) m TGS o EETEETE 14 10T rad
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Tl clise radivs ris the major fxctor for the langent
velocity determination. Uncertainty of rin dynamic
stnte will be different from that ef static one die to the
high angular frequency of Uee disc, the iofluence of its
rouwdness, i3 mass inhomogeneity and driving
machinery assembly. We can known as the sfafic and
dynamic roundoess uncertainty respectively, The siatic
roundness uncertaingy is less than 7= 107 pecording to
the mean radivs ©aod the maximal eceentricity, While
the |:|}'1'|..'||;|1ii; ronmalness 1|.1'|.n:|,:|'L:|:ir|I!'r|.' 13 1ot epay 1o be
derepminged, Here o novel approach for detenmining the

17 | 22184 00165 | 1.7E552 92,0952
18 | 23048 | 002672 [ 1.24706 | 92.10542
19 | 24048 00105 | 221635 %2.0892
20 IE0.3 | 000748 | 0.7V1S1 ) 9207123
Zl 2628 | 000594 | 2TERAA | 92.08404
22 | AT504 | 0000126 [ 210633 | 92.07734
23 | 2B3.6H [ (LD3EDD I.509 ) 211675
X4 | 205092 0159 | LBLIS4T F2.0946
Z5 7R [ 000892 | 214797 | 9208762
2o | 32292 | 000963 [ LRLIRTY | 9209535
27 | 33588 | 00075 [ 1.OTO42 | 9206795
28 | 34848 | 0003246 | 086237 | 92.04624
4 Aeh | 002470 [ 1REEI0S | 92.0539]

r's unceriainty has been applied by means of LOA
mcasurement. By LD theory, the burst amplinede
p;mﬁli: j|.1 cross=seciinn 1,:-|:"I[1E mu:muring wolwine defers
o the Giansgian distribution bath in the Y07 and X0Z
planes ag Fig. 6. The maximal burst pmplitede shoold
correspond to the center of measuring volume, which
reflect rwhere its seatlecing particle located. The
center pninl5 of measuring volunse foe diffesent
particlea distributed around the dise form the dynamic
cirele of the disc. The moere the oumber of the center,
the better the dynamic moundness estmation.

Table | 15 a growp of mcaswred and fitted results. Fig. 7

is 1he commespondent dynamic circle of the dise,

Y =i}, Tmm

= rmm

Fd

Fig. & The burst sipnal amplitude profiles

W=+, Tmm

Table | ﬂ}qmn:ic raciug measured and fiteed resulis

Wi o {™) Ar () f r {rmm)

1 1584 | 001334 | 0.47911 OF (204
2 088 | 002858 | O.6T233 | 210728
3 36| 001533 | LAWERD | QX003
4 522 -26E-4 | 0.BGZRG | 920784
5 5028 | 001786 | LL1E36 | 9Xdiaid
] 0612 B6E- | 120907 | SX0T96
7 103,32 | -0.043%1 | 140234 | 9203470
] 11772 | -0.02408 | 122733 | 9205462
g 128,16 | -0.00207 08774 | 9F 06663
[0 | 142.56 | -0.00T66 | 159688 | G207104
11 | 1508 | 000277 | 183734 | 9206593
12 | 16812 | -0.00421 | 150225 | 9xdiddd
13 | 15324 00066 | 1.E4269 20721
14 | 19016 | 0028522 | 165387 | 9210803
L5 | 20304 | 0000324 | 152257 | DEOTHG
6 2124 | -0.00933 | 231472 | 9206937

where 0 1he circumferential position of particle;
Ar: radius devimtion; r: dymnic radies estimate.

An amplinede histogram can be drawn according to the
dynamic radius deviation along the circumfzrentinl
distribution, which is consistent with the Gaessian
distribution . The siandard deviation of the Gaussian
distribution for the histogram represents the uncertainty
of the dynamic roundness deviation. Thus we have the
uncertainty of the dynomic roundness deviation as ;

wir) = o, = 0.01873(mm)
The experinsents alse show that the dynamic rounsdness
uncertainty is independent of the angular frequency
mgmnitude,
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Fip. 7 Circumferentizl dynamic roumdness disiobation
44. Ty

The best estimation of fiy cin be atiamed by Crameae-
R bower bowmd (CRBY  [4-5]. The analytic
expression of CRB by [4] has been adopied for decades
10 fimd the lower bound of [ estimation, although there
i% a difference between the condition of single tone sine
signul and Doppler burst, the lnter kas an additional
exponentinl item, According to the analytic expression
given by [4-5], the CRB expression for fg 15 a8

& . 2
var =
[Jrﬂ:l {2¢ _I L".F'.'I;'H"—J'F j
{11}

where 5 is the sampling frequency, SHNE the signal to
nodse ratio, which is defined os SNR=A%20", A the




Troppler burst amplitude, o the RMS of the noise, In
our case, we have the sampling points for cach burst
N=1024, sampling frequency f,=20:=10° He, SNR=32
4B or AM2a’=1584.89, f=1.15=10% then

—

ui )= GaiTus =517
V21569 851024 ( 10247 1) e

The CRB are nlmuost met by ML estimators when SNR
i high. With the simulation resulls about dhe
performance of ML and FFT estimators in [4], the
frequency estimation wecertainty of FFT and ML are
vl over an order of mapnitude. Then it can 1ake the 10
times error bound to the FFT algorithm, i.e. ulfphfs =
5.2 107,

5. Uncertainly eombinatlon

Tuble 2 is the list of each contributed uncenainty
sources, Each tbems in Table 3 are independent cach
ather. The combined standard uncertainty u (5} can be
caleulated fram (10 by substitluling the expectition of
the inclividual terins ibe (9.1)—(9.5), notice that
K'=(1-E(»,-E(*))=1, where E(= ) and E{=.) are the
cxpectation ofs| and =, respectively,

We have: M {851/ 5 = 2.73=10°"

Table 2 Contributery uncertainty sources list

U=2.01%2.75x107'=5,52 107,

Tabdle 3 slwaws the occupying factor for each
contrbutory item. 1t can be seen that the influence of ¢
and o uncerainies play o major role in the 101al
variances, while the contributory variances of the
inclination angles & and f; are nearly negligible.

Table 3 The contribwtory items list

Mo | Contmbutory | Value Crecupying
vaOLces percentige

1| U 4138107 | 54.7%

2 | vy’ 31442107 | 41.6%

ltems | Uncertaily Value Type | din
Sougees -E.
uid)) | 1. 1he 4058107 | B o
enisalignment [rad)
of light axis
W) L128=10° | B o
2, k= melinalion (rad)
anple olibe
rotating dise A 28
i) L0l a= 1"
1. stability of (rmdj
angular oaguency A e
1.B73=107
ufc) | 4. roundness {mm
deviaticn
of rviating disc Lo
1l i) 5877 (Hn | B
5, Irequency
eslnnalsn

* Lo f, -—~Degrees of fresdom

The cffective degrees of frecdom s coloulated
pecerding to the Welch-Satterthwaite formula as:

df, =593
Bince gl 59 = 2.00[3], the relative expanded
1|.;|1|;|:r|ai:||l:,l for this confidence level is

3 | WlRME 2.7=107 3.6%
4 WG W |.65= 107"
3 0, 00022 %5
WA VK L27x1ir® s
5 00168 %5
Total varances 7.584x 107 L)

4. Conclusions

In all uncertainty items 1o be assessed nbove, the
dynamic roundness uncertainty 15 the most difficuli one
to be determined. The novel approach for assessing the
uncertninty of the dise’s roundisess deviation is very
effi=ctive, it has no pelation with the angular frequency
magnitede. The dynomic roundness uncertamily i3 one
order grenter thon the static one,
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