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Wstract

The ..xperlmtentally determined relationship
between the level of iiquld and volume of liquid
in a tank can be used to obtain volume ●stimates
that correspond to liquid-level measurements. Sev-
●ral calibration ●xperiments (runs) are made to
estimate the calibration ●quation. The calibra-
tion cquatlon is used to ●stimate the quantity of
liquid transf~rred fran a tank between measurement
perlds.

Difficulties can arise when run-to-run dif-
ferences are large relative to the preclusions 0[
liquid level and volume measurements. This paper
eddicsscb the seldun-tiiscurrseS but important prob-
lem of ccanbinlng and analyzing data frcsn two GI
more calibratiorl runs. EWnphasls 1s placed cm
●xploratory me[hcmas ouch as diagnostic plots that
arc compatible with applicable statistical mvfels.

Introduction

Accurate VOI- measurements are an importanl
cr.mnporwnt of many nuclear materials accounting sys-
t ●ms Carefully mea~ured increment of liquid ● re
●dd?d IV a nuclear process tank ●nd cmpared with
co[[~spondlng measur~d llquld levels. This prme
dur? is repeated sevrral Llmen to oblaln ●n ●trti
matrd calihrat lon ●quation or Its inverse. me
rel~catcd txperlmcnts are referred to au ‘runs.-

l.lquld levels in a nuclear proces~ tank ● re
not usually rrwauured directly, Typically, tanks
● r? rqulpk.md with bubbler protrem. ●nd ● presmure
ib rrwasulcd ffm which liquid I@vel rsti~tes ● re
01, ! elr)md The (-chr)iqum~ dinrij~a?if in [his paper
●pply 1(1 ●ither ind’rect or dlrcct llquld l@v@l
rmafiur tm-r]tB. Consequently . the term liquid lev~l
in uned in thlB diBcubBior- -rrgardle9s of hcm the
measuI~mrnts are rs.tide,

11) prac[lce. 11 in necessary to ●djumt Iaw
da[e f:wn the [all brallon ●xp~rimenl to ● mel of
:FIQ t~nce conrtil ionn, Thin ●rlJumt~rr[, defined ● n
“’datt starldaldlzat!or).” irwO1veB colrecticrrrs for
lll?rmal lank ●xIImIniotI ●nd ]iquld d~rrnity Chany@B
allminy [Ian t-mp~rature changes. The asnrnptlum

Is matie throughout this paper that data standardi-
zation has taken place. (see Jonesl for a dis-
cussion of data standardization. ) The standardized
liquid-level measurements are denoted by Y, and
the standardized cumulative volume measurements
are denoted by X.

Many praess tanks have a ‘heel” that retains

● qu~ntity Of liquid when the tank is emptied,
Because of the heel, liquid-level measurements (Y)
are associated with the cumulative volume of liq:lid
added du~ing the calibration (X) rather than the
‘actual” vol~s of llqulr2 :n the tank.

7tris pape: rjealz .#iih developil]g a caiibra~ion

equation frcm 8tandardlzed callbratior, data frwh
tm 01 ml c uns. The assmptlon 1s made that
run-to-run differences are “large” rel~tlve to the
precision of calibration data. If this 1s not the
case, data can & treated as if from a single run

The merhodoloqy presented here is cmpat!ble
with d varl?ty of statistical muiels and is !llu5-
trated wllh data obtnined frrm ● Iargr nuclear
prueBs tank ● t the Savannah River Plant.

~ve~ofnent of ● Caljwa~lon Mocfel

A suqges[ed caiibrctlon model 1s derived fr~

● ■et of standardized calibration data by carrying
out the follwlng four steps:
(]) reelect the ●ppropr iate error fiel,
(2) ●llgn the data frcm calibration runs,
(3) determlrw change points. and
(4) ●stimate parmeterB in the cal~bratlon mod-l.

E: !@I_ mk4.5kk!AYfl

The calibration ●quation for ● nuclear prows%
Lwrk 18 typically ● piecewise flls[ 01 second
degree Pcrlyltcmlal liquid lcK1/vo!ume relalltmnhip.
Th@ choice of ●n ● rrol mcdel Irr deprnrl~nt UIKMI
●enrnptlorm. The mBt general ti-1 assurrws twtlI
variables ● re measured with ?rrr-rr and rrmes tech
.ltques sugycmt~d by nal]d~12 for nl,lm!lllny t h~

calibration equation. It liquld levelh ar~ mean
ured with Buch lQEU r?lativc pr~cinioll Ihall vcIlwnF



measurements, the classical ● rror tiel 1s appro-

priate.3 If the less precise term is in vol -
measurmmcnts, then the cumulative ●rror tiel 1s

useri.d

Data Alicrr’u=e nt

Uhen it is impossible to canpletely empty a
tank and the amount remaining cannot be measured.
●ach calibration run begins with a tank with an
urtk~ quan~ity of liquid (the heel). Heel tiol-

=S may vary auwng r~s; consequently, adjusting
cumulative vn!mes or “data alignment” 1s required
to -ka the data mre “coincident- for analysis.

The first step in tha analysin is to determine
whether data alignment is required. A linear least
mqueren fit to the data frm each run is used to

-tkte the coefficie.~ts in the -el Y - ● + bY,
where Y is the level md X 1s the volme. A pro-

file plot [or ●ach run is made by plotting the
differences, Y - ~. bet=en tl)e observed level Y
and the level ~ predicted by the linear tiel.
Uhen plotted on the same axis. profiles fras ●am
run wuld be nearly coincident If no r~alignmsnt
wre necessary. Realignment is required when the
lirms are nearly perallel. Potentially serious
problems related to run-to-run differences exist
if lines are not “roughly”’ parallel.

Uhen ‘statistical” alignment is necessary. the
●d hoc =tt.od described here has been used for tank

calibfat.ions at the Rockweli-Hanford faCility. The
follminq step~ are required.
(1) Select 5-10 dr.tn pointc near the beginning of

●ach calibration run where the function ●p-
pear< to be linear.

(2) For ~ runs ●nd ❑ data points ~r run, fic the
fiel Xij - a + by~j. 1 = 1, 2. . . . . ❑

●dj-1. 2. . . . . J, to the data obtained in
Step (1) nnd canpute the residuals for each
data point. The fit must be ●dequate in the
sense that tt,e .’esiduals exhibit reasonable
patterns.

(3) Conpute t~e average of tht residuals fra the
j~run, Rj, j-l. 2. . . ..J.

14) For ench data ~int (Yij.x
j~ rur. replace Xlj with Xij Y;. ‘rm ‘he

Tt,e resulting calibration ●quattwr can only
be used to measure transfer t~rmrr of liquid Iev?l
unleAs ●n estimate of heel volute 10 avallal)le.

Pe4e L*MEM .Y.UM~C-NI.E

Because of irrequla~itie~ in construcl.lcm and
int~rnal devices such as agitators ●nd heating

coils. the croumsectlonal mrea of ● tank changcm

an ● luncllor, of liquid level. A change point im

a ml- (or i-v-l) at which ● uudden change acura
in the ccllb~af ion func!.im. After tha change

points have bet.n .;rtermined. ● plecwlse -oe~nt
by se~llt fit ‘.rr Il]e data ib obtained.

C%ange po~rrtm WI be identl[lod frr- la~k
blueprlntm tha! idel)tlfy tank lrregularltlee. We
will •u~rl such iderltiflcatio;m by ●nalyzing the

●llgrment data IU dwietmi!!e change pointb.

&re methd for Identifying change po ~ts uses

a profile plot. which is a plot of the residuals
ccmpuced frcm the data when determining if align-
ment is necessary. An abrupt change in the P1OLS
indicates a Pint where the functional relationship
between the level and the volume has changr?d.

Another procedure for finding change points

uses the slope of the calibration dat.. h) incre-
~..ntal slope plot is simFly a plot of the values

(Y
bi =

- Yi-1)
(xi - xi-l)

agahist Xi, where the Xl and Yi are fran the
same run.

Changes in values of bl correspond to abrupt
changes in the profile plot. The use of profile
plotb and incremental SIOpe plots al]WS sharply
defined change pints to be ~dentlfled.

w
(1

(2

(3

The general procedure in locating change

ncs is given as follc=s.
Tentatively identify change Pints frcm struc-
tural information about the tank and ●xamine
profile and incremental slope plots.
Fit an ●quation LO the data of ● ach segmen(

determined frcao (1).
Examine the residuals for patterns.

(4) Examine the Incremental slope plots.
(5) Redefine change ~lnts as required r-d repeat

the procedure.
See Ref. 3 for an ●xcel lent discussion on what
constitutes favorable residual patterns.

~arametcr_Estim4tion

It has been cowenientl) assumed that the

calibration function is rrdeled pieccwisc by linear
anrl/or quadratic polynusials. The estimation 0[
parameters ~n these ~lyncmnials is contingent upon

the ● rror tirl, brh~ch in turn depends u~n the
wasurement components of the calibration system.
We will briefly tllncusri Eune of the imper!ant ● srl
Mtiorr methds.

gla~aical ~quares.3,bLePs~—— .— The rle%sical
leamlsquares reglrsslon ncdel is used to ● sllmate
poramelers when lhe asswaption 1s made tha[ rela
tive ● : ors in Ilquid- level measurements are Iarqe
caspared with volume measutemenl ● rrors.

Advantages include cane of currl,ulat ion and

minlmrm variance unblaued ●st imates of liquid

level. Dieudvanlages Inclu<- the undrfln~d vari
ante of predicted volume frcm ● llqu!d lrvrl mess
urement ,

C_snqrat~ve Ellvl 14L@ee.q,l The c-umulalive

error mcdcl is uned when thr ~tandard drvlatlon In
voluw lncrementn irr ● conntan[ tlmrn liquid Ievrl
di[[erences and the alror in liquld lFVCI measure

ments is negligible. Itrrtlmates of palam-l~rs al*

oblalned by a.mximtm likrl ihard.



Advantages include the si-rnpliclty of computa-

tion ●nd defined variance of predicted volumes.

Disadvantages include lack of available praedures

for quadratic Polynomials. the use of just the
first ●nd last points Men ccmputing the slope.
and the possibility of inflation in the ●stimated
variance.

variables in Error 140del. 7 F4sxlsrImI likeli-

hood msthds are used under the assumption that
troth vsriables are in ● rror. The main advantage

of this mdel is that it treats the general case

when bath variables are in ● rror. The major dis-

advantage is the computation problems involved in
obtaining ●stimates.

nethds such as spline functions.a Ba ●sim
praedures. g and nonparemetrlc methodsl r? are
of interest. Because thes? methods have been

applied to a ❑ uch lesser extent than those givm
;Mnre, us will not revicu them at this time.

Itxamle

Oeta frorr a 20-ft high, 20 000-L tank ● t

Savannah River Plant are used to illustrate ca-
bining calibration runs. Table 1 gives level

(inches) and VO!UMS (liters) data fr= 35 incrc-
rrwntal additions OC -576 L ●ach. All measure-
ments hsve been standardized to 25”c.

The classical mdel was ●ssmd; that is.
● rrors in volumes wre negliglbl?i +ereas ● rrors
in determining levels were signif.ant.

A profile plot using all 140 ●xpertintal
dsta points is given in Fig. 1. The graph uses
result~ of a least-squares fit and consists of
plotting residuals. Yi - Yi, versun Xi. The - S*
tooth” shap~ of the profile illustrates apparent

structural cl)anges in the tank at 6000 L (incre-
rmnts iO 12) and 13 trOO L (increments 22-23). the
profiles appear to be linear in all se~nts.

The profiles in Fig. 1 are coincident; thus.
data slignment ie not required. Thele do not

app-al to be any serious run to-run differences.

A plot of lrlcremer,tai slopes of ●m-t, data set

prodbc?s slmst the same result-. Run 1 !s de-
picted in Pig. 2. fie sharpest decreaseu in elope
occur st “change points” 6000 L ●nd 13,000 L. in
●gleernent with the prrMile iesults,

The clabkical ● rrcr mdel ●nd least-so ,arcs

regression vrrr uBed to fit calibration ?r,um !orw,
to th~ data in threr se~ntn. Results me g!,vwr
irl Table II and Pig. 3.

Figu:@ 3 rmrl be used to deammtrate h the
rsl ii)lat ion ●qustirms can be used to ●stlrnte
trans[crr-d voium-s of liquid. Assrsss that ilquld-
:evr 1 mrasu: ●meh! B cf 90”’ ●nd 60” have be-m made .
Uning the ●quarlons given in Tabi@ 11, w obtain
th? fnllmrinq values of voirnem Xl and X2:

- 90.0 - 3.34e - ~5754 ~,
‘1 0.0055

and

60.0 - 3.344 _ ~0300 36
‘2 “ 0.0055

. .

The -unt of transferred liquid !S Xl - X2 =
5454.55.

A discussion of ●satiating ● r.ors of transfe.
volwses will be given 17 ● future paper.

5rmsary

me difficult but importantproblem of cm-
bining data fra at least tuo calibratiwi runs is
approached by a fmr-step praedure. These steps
Include seloctiom of M arror mdel. data alig=nt
(if necessary), determination of change points,

and parameter ●stinetion. This calibration ●qua-
tion caa tnen be used to determine ●stimates of

voiwna transferred frar the tank. Estimates of
volma uncertainty will be deferred to c future
papar .

me four-step procedure is ●xemplified using
data fras a Savannah River Plant nuclear processing
tank
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TABLE I

TANK CALIBRATION DATA COLLECTED FROM FOUR RUNS
AT SAVANNAH RIVER PLANT

RUM 1

VOLUME
~—

567.01929
1141.42029
1712.3?537
2276.53662
2844.43872
3411.91138
3989.07837
4548.34s79
5116.54240
6603.6e449
62S1.23047
6819.55957
7387,95590
7956.45068
8524.82910
9093.29192
9666.33789

16236.67285
10806.17090
11373.96094
l194E!.4541e
1251e.64648
13079.les47
13648.33398
14Z16.6582e
14785.28418
15353.5e781
15921.63!84
i640e.041e2
17059.85547
176i28.e6Z5e
18194.5625e
~8762.n7e70
~933e.2753rn

9897.77930

LEvEL

1.96251
5.345ei
8.72474

12.e4634
15.35686
18.71168
22.e4989
25.4268S
i!8.74045
32.e8112
35.31414
38.5W08
41.81618
45.i7e99
40.54795
51.91384
55.3e74~
58.66499
62.rB3642
65.38016
68.74e52
72.e15e6
75.19549
78.3344e
81.43179
84.56517
87.6764e
9e.7a764
93.96252
97.e6268

lee.i98a3
le3.2fA9ee
le6.41576
le9.53252
112.61s85

Rum 2

WOLUME

567.689e3
1138.99194
171e.39526
2278.58618
2846.77612
3414.e9863
3982.32495
455e.75195
5i!8,7~143
S686.4e381
6254.98291
68i?3.562f31
7392.e4e53
7960.S7031
8528.36328
9e97.e5957
9669.67383

le239.95996
ie8e8.539e6
11376.7168e
11944.89453
12512.80469
i3e8~.4ee39
1365e.28125
14218.59277
14787.25488
15355.61621
i5924.3623e
16492.8e664
17e6i.25195
17629.7793e
18198.le547
18766.63281
ls335.e6e55

99f33.38672

LEvEL

1.91269
;. ;;2;I

lz:e2142
1S.35963
18.71721
g;.:::;:

28:7456fl
32.e8389
35.31691
38.525e2
4i.84ie9
45.i959e
40.56733
51.94429
;:.:::::

62:e5579
65.37186
68.75158
72.ei78z
75.2tiie3
78.33994
81.45670
84.6e392
87.72899
9e.85i3e
93.99e21
97.10144

iee.25~43
ie3.37373
~e6.49e49
le9.61834
iii!.72681

1—— 1 1 1

0 5 m B 20

VWM (NTHOLtSAN)SCWLnU?S)

Fig. 1. R profile plot of 4 rum conblutlng
of 35 data polntn each.

Run 3

VOLUME

568.55939
ii4e.8e347
i711.9436e
2i?8f3.51880
2848.78e52
3417.i?le94
3986.14331
4555.27637
5122.434e8
569e.37451
6258.23145
6826.32227
7395.e~5i4
7963.122e7
8532.63477
91ee.8418e
9673,58390

le244.65234
le812.ie645
11379.56e55
11947.71777
1251S.5e586
13083.71289
13651.51855
14219.42383
14787.53e27
15355.63672
15923.74316
1649?.e5e78
i7e6e.35742
17628.86523
i8iU7.e7227
18765.37891
19333.68555

99el.992i9

LEvEL

2.ee68e
5.38376
8.77179

12.12384
~5.47e35
18.85562
22.2~e43
25.55971
2d.9e345
32.24443
35.49683
38.6828e
42.ee7~7
45.36475
48.7168e
52.e77~5
55.47626
58.83661
62.10866
65.54347
68.88998
7z.i7ee7
;:.:;:;;

81:60341
84.745e9
87.87292
9e.993ee
94.13691
97,22323

~ee.3732i
ie3.49275
le6.61782
le9.74566
lli2.84e29

RUN 4
..-.
VOLUME

57e.449z8
ii44.33i3e
1718.89978
229e.ie7i8
2861.18311
3432.39795
4ee3.6~279
4574.42627
5144,69922
57i5.59e33
6206.51367
6856.95117
7427.4e479
799B.e75ze
8569.04688
9i4e.21075
9715.5e586

ie287.94727
19B58.6B164
11429.43262
~2eee.4ei37
i257~.37e~2
i3142.i543e
13713.15625
14284.05762
14854.e8887
ls4i!3.93555
15994.50594
16565.45313
17136.32e31
177e7.e8’?89
IW?77.75391
18848.32031
19419.e0789

99B9.85547

ml

LEVEL

1.97912
5.36992
n,78ele

;:.:::;:

18:8833(3
22.25195
25.615e7
;;.:;:::

35:58541
3R.78798
42.12896
45,49762
48.86t)74
52.24323
55.65341
59.e1653
6i?.4eli9
65.77322
69.14188
72.43e25
;:.;+::;

B1:92173
85.046B9
B8.18295
91.32186
94.47461
97.56923

lee.73582
le3.8692e
ie7.e1642
~ie.15257
113,26379

E

o 5 m 8 X3

wkLu(Nn’oLmms w Lrm5)

Fig. 2, A plot of inl:remental slOI)es

COI RUII 1.



TABLE II

CALIBRATION FOLIATIONSTO OEIERRIUE
VOLUME OF LIOUID lRAHSFER

v.

x.

S.25 H 10-9K2 . 0,0059UX - 1.422

OL < E s REB3L

-1.70 1 lo--

O- CY 550.7”

Y . 0.00S9X - 1.608

008JL c X s 12 609L

xm+#&y

V.

x.

0.005SX ● 3.!U8

12 609L ● 1 ~ 20 00M

%-%F

m

Fig. 3. R plot of the calibration ●quation
and M illustration for obtalnlng

the transfer of liquid volune.


