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IN-BED ACCOUNTABILITY OF TRITIUM IN PRODUCTION SCALE METAL HYDRIDE STORAGE BEDS

J.

E. Klein

Westinghouse Savannah River Company
Savannah River Site
Riken, SC 29808, U.S.A.

ABSTRACT

An "in-bed accountability" (IBA) flowing gas
calorimetric measurement method has been
developed and implemented to eliminate the
need to remove tritium from production scale
metal hydride storage beds for inventory
measurement purposes. Six-point tritium IBA
calibration curves have been completed for
two, 390 gram tritium metal hydride storage
beds. The calibration curves for the two
tritium beds are similar to those obtained
from the "cold" test program. Tritium
inventory errors at the 95 percent
confidence level ranged from + 7.3 to 8.6
grams for the cold test results compared to
+ 4.2 to 7.5 grams obtained for the two
tritium calibrated beds.

INTRODUCTION

Start-up of a new tritium handling
facility, the Replacement Tritium Facility
(RTF), has been recently completed at the
Savannah River Site (SRS). In the RTF,
metal hydride technology is used to
separate, store, pump, and-purify hydrogen
isotopes on a production scale.! One
disadvantage of hydride storage is in
performing the required, periodic physical
inventory measurements of the tritium. A
unique relationship does not exist between
the amount of tritium contained in a metal
hydride bed and the pressure-volume-
temperature-composition (PVTC) properties of
the hydride material. Desorption of tritium
to tanks for PVTC measurements is not
practical for the RTF hydride storage beds
due to the long gas desorption/absorption
times and the "trapping" of tritium in the
lattice of the LaNi ,Al,,s alloy after
radiological exposure to tritium.

To eliminate the need to remove tritium from
the storage beds for measurement purposes,
an "in-bed accountability" (IBA) flowing gas
calorimetric measurement method has been
developed. In the IBA method, the steady-
state temperature rise (8S AT) of a gas
stream flowing through a jacketed metal
hydride storage bed is measured and
correlated with the radiolytic power
generated by the decay of tritium to He-3.
The tritium inventory calibration curve, the
correlation between SS AT and bed tritium
loading, is generated for each bed and is
then used for tritium inventory
measurements.
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Bed loading will be expressed as the atomic
ratio of tritium atoms per atom of metal in
the hydride and will be represented as T/M.
T/M will not only represent actual T-over-M
ratios, but will also represent simulated
tritium-to-metal atomic ratios measured
during the cold tests using electric
heaters.

This IBA inventory measurement technique has
been described previously and has been
demonstrated using helium and protium in
full-scale prototype hydride beds fitted
with electric heaters to simulate the
performance of the tritium storage beds.?
How "cold" test results were used to
implement the IBA method in the RTF will be
presented along with the IBA calibration
results obtained for two, 390 gram tritium
metal hydride storage beds. Statistical
estimates of the IBA inventory accuracy will
also be presented.

BACKGROUND
Previous Results

Some results from the cold development
program have been presented before.? In that
work, five SS AT IBA calibration versus T/M
data sets for cold test "Bed 1" (CB #1)
where presented. One set of data were
obtained using helium at 101 kPa (1 atm) in

-the bed at an IBA gas flow rate of 70

standard liters per minute (SLPM) while the
other four sets were obtained using protium
in the bed at flows of 50, 60, 70, and 80
SLPM. standard temperature and pressure
(STP) for these flows were 21.1°C (70°F) and
101 kPa (1 atm) and were 0°C (32°F) and 101
kPa for the tritium bed flow instruments.

To compare results obtained with different
STP reference states, cold test flow rates
were converted to flows using the tritium
bed instrumentation STP references. Cold
test flow rates changed from 50, 60, 70, and
80 SLPM to 46.4, 55.7, 65.0, and 74.3 SLPM,
respectively. Future STP references will be
to 0°C (32°F) and 101 kPa.

A linear model was fit to the nine point
helium data set over the range of 0 to 0.8
T/M. The accuracy of the IBA method was
expressed as the inverse regression standard
deviation, o,,, for this linear model which



was 0.0054 T/M. The reported 95 percent
confidence interval accuracy was
approximated as two times o,, and was
reported as + 0.011 T/M (6. 07 grams
tritium).? For a full metal hydride storage
bed, given as a tritium loading of T/M equal
0.7, the accuracy of the IBA technique was
statfd to be * 1.6 percent of a fully loaded
bed.

Further Analysis of Cold Test Data

Additional data regressions were
performed on the CB #1 data sets. These IBA
data sets where reduced to nine points each
at nominal loadings of 0, 0.05, 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, and 0.7 T/M. The
independence of the IBA calibration data
with-respect-to using helium or protium in
the bed over the range of 0 to 0.7 T/M, at
65.0 SLPM, has been established and the
method used to make this determination is
described in Appendix A. The analysis shows
that a quadratic model without a y-
intercept, b, forced to be zero, is the
statistically significant model to use to
represent these data.

Linear regressions were used in the previous
analyses® because the heat transfer model
developed was linear and inverse regression
equations were available.? To obtain smaller
tritium inventory errors for the IBA
technique, the relevance of applying
quadratic models to the IBA calibration data
was investigated. To do this, inverse
regregsion error equations were needed for
this model. The author was unable to find
these equations in the literature, so the
equations derived for this model are
summarized in Appendix B. ~A commercial
statistical software package* was used to
obtain regression coefficients and variances
for use in these equations.

Linear and quadratic regressions, with and
without the b, term, were performed on the
four, nine-point protium IBA calibration
data sets to select the "best" regression
models to represent the data. The best
regression model was defined as the model
with the smallest "standard error of the
estimate"* in which all regression
coefficients were statistically significant.
All references to statistical significance
will be made at the 95 percent confidence
level.

Linear regressions of the nine-point,
protium IBA data sets showed that b, was not
signmficantly different from zero for any of
the regresslons. Quadratic regressions
showed that b, is statistically different
from zero for the 46.4 and 55.7 SLPM data,
but not for the 65.0 and 74.3 SLPM data.

The constants b, and b, were statistically
significant for all quadratic regressions of
the protium data sets.

Estimation of Calibration Points
Required

Originally, nine tritium IBA
calibration points were to be collected at
the previously listed T/M values. To reduce
the number of calibration data points (N)
needed for IBA calibrations of the tritium
beds, the relationship between IBA inverse
regression accuracy and N was determined.
The inverse regression error was expressed
as the confidence interval "t" times o,
(t*o,,) where t is the student’'s t value
taken from standard tables’ and o, was
calculated using the equations in Appendix
B. The maximum value of o, in the range 0
to 0.7 T/M was used for calculating this
error.

Regression analyses were performed on
subsets of the nine point, 65.0 SLPM protium
data set with each subsets chosen in an
attempt to evenly space-out the calibration
data over the entire T/M range. Data
regressions showed that for N less than six,
the linear model without b, was the
statistically significant model, but for N =
6, the quadratic model without b, was the
statistically significant model.

The correlation between IBA accuracy and N
is shown in Figure 1. For N less than five,
the linear model without b, results are shown
and for N = 6, the quadratic model without b,
results are shown. Based on the results of
this analysis, six calibration points were
selected for IBA calibration of the tritium
storage beds since N greater than six did
not significantly decrease the IBA
measurement error. The estimated accuracy
of the IBA technique for N equal 6 was

+ 0.0123 T/M (6.85 grams of tritium) which
is slightly higher than the previously
stated value of * 0.011 T/M.
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Figure 1. Cold Data IBA Exror Versus N

Data regressions were also performed on
subsets of the other protium data sets. 1In
all cases, b, was not statistically
sxgnificant for any of the linear
regressions. For the quadratic regressions,
the statistical significance of b, and b, for
different values of N varied. In general,
the trend was a linear model without E,would
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be selected for lower values of N and a
quadratic model, with or without b,, would be
selected for larger values of N. Regression
errors obtained at IBA flows other than 65.0
SLPM were greater than or similar to the
errors obtained for the 65.0 SLPM flow so no
further analyses was performed on these
data.

PVTC Accuracy of Tank Transfers

The amount of tritium contained in a
bed during IBA calibrations was calculated
using PVTC measurements on a calibrated
tank. A site policy states a calibrating
device shall have an uncertainty one-fourth,
or less, than the item being calibrated.
This "4-to-1" calibration criteria requires
tritium measurement errors for calibrated
tank/bed transfers must be less than the
one-fourth the IBA measurement error. The
cold test IBA accuracy of % 0.0123 T/M at N
equal six was used to see if this criteria
was met.

Mass balance equations using the ideal gas
law were derived to calculate the amount and
accuracy of PVTC tritium tank/bed transfers.
A random error propagation analysis was
applied to this equation with independent,
random errors assigned to each of the PVTC
parameters. The calculated error
propagation variance for each gas transfer
was summed to calculate the over-all error
in the PVTC calculations.

The sequence for the PVTC error calculations
wag to start with an evacuated bed, load the
bed to the highest T/M loading first and
then remove portions of that gas to obtain
the other target bed calibration loadings.
Estimates were made for tank temperatures,
gas tritium mole fractions, and the tank
volume. Independent parameters for
performing the calculations were the initial
tank pressure before any gas transfer, the
lowest tank pressure allowed before
refilling the tank was required, or the tank
pressure for desorption of gas from the bed
to the tank.

The PVTC error estimates obtained using this
calibration procedure and error analysis
technique indicated that the 4~to-1 criteria
could not be meet with existing equipment
and procedures: the initial calibration
ratio was approximately 1l.l-to-1. To
improve this calibration ratio, lower tank
pressures were proposed for the tank/bed
transfers and a high accuracy pressure
transducer error tolerance of + 93 Pa (0.7
torr) was used in the calculations. The
changes resulted in an estimated PVTC
calibration error ratio of 2.5-to-1. Higher
calibration error ratios would have required
extensive equipment modifications and thus a
waiver to the 4-to-1l criteria was obtained.

EXPERIMENTAL

A nominal 1500 liter calibrated tank,
fitted with two RTDs and a high accuracy

pressure transducer, were used for tank/bed
transfers for IBA calibrations. Tritium
compositions were determined by mass
spectrometry of tank gas samples and were
specified to be = 90 volume percent tritium
for the tank-to-bed transfer. Aall PVTC
measurements for the calibrated tank were
taken after the tank had at least ninety
minutes to thermally equilibrate. The
process line volume connecting the tank to
the hydride bed was calculated by PVT gas
expansion from the tank into the evacuated
line before the first tritium loading of the
bed.

The tritium bed mass flow controllers (MFCs)
were calibrated at several flow rates using
a NIST calibrated turbine meter installed
in-line with the MFC before IBA calibration
of the bed. The IBA MFC set point gas flow
rate of 70 SLPM was checked before and after
each IBA calibration point to verify the
accuracy of the instrument and to ensure its
flow rate did not drift out of specification
(* 2 SLPM) during the calibration.

The tritium storage beds were of similar
construction to the cold test beds? with the
main difference being the absence of
heaterwells installed in the beds. Both
tritium beds, denoted TB #1 and TB #2, were
insulated using the same insulation
specification as had been used for the cold
test beds except TB #2 which had an
additional layer of insulation installed on
the bed. Placement of the RTDs in the IBA
gas flow lines leading to and from the beds
were of a similar configuration as those
used in the cold tests.

In preparation for IBA calibrations, the
hydride bed was heated to at least 140°C and
to a pressure less than 133 Pa (1 torr) for
several hours to remove hydrogen isotopes
from the bed. Evacuation of the bed was
verified by performing a rate—-of-rise on the
bed and requiring a total pressure of less
than 1.33 kPa (10 torr) be obtained in 30 to
60 minutes. -

SS AT data were obtained under controlled
conditions. Criteria specified were that
the difference between the inlet IBA gas
temperature and the glovebox temperature be
less than or equal to £ 2°C, the IBA gas
flow occur for at least four hours, and that
the average AT data for the bed outlet and
inlet gas temperatures over a one hour time
period be constant and have a small rate of
change.

IBA bed calibration data were to be obtained
at nominal bed loadings of 0, 0.70, 0.56,
0.42, 0.28, and 0.14 T/M for TB #l. Results
from TB #1 lead to nominal bed loadings of
0, 0.60, 0.48, 0.36, 0.24, and 0.12 T/M
being selected for TB #2. The IBA zero
point, SS AT data for an evacuated bed (T/M
equal 0), was performed first. Next, a
tank-to-bed gas transfer was performed to




obtain the highest bed loading for IBA
calibration. 8S AT conditions were
established and these data were collected
along with PVTC data. For each subsequent
IBA calibration point, a portion of the gas
on the bed was transferred to the tank to
obtain the next highest IBA bed loading.
This process was repeated until data
collection was completed for all the bed
loadings.

RESULTS

The calibration curves for the two
tritium beds are shown in Figure 2. The CB
#1 results shown in Figure 2 at 70 SLPM were
obtained by fitting second order polynomials
without D, to CB #1 data at 65.0 and 74.3
SLPM over the range of 0 and 0.7 T/M and
linearly interpolates the results to obtain
the values shown.
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Figure 2. IBA Calibration Curves at 70 SLPM

The IBA calibration curves:-for TB #1 and TB
#2 are similar to those obtained for CB #l.
Ss AT at T/M equal 0.6 for the bed having
more insulation, TB #1, is approximately 5°C
higher than that for CB #1 while for TB #2,
the bed with the same amount of insulation
SS AT is approximately 4°C lower than CB #1.

For TB #1, the quadratlc model without b, was

the best regression model while for TB #2,
the linear model with b, was the best model.

Two six-point IBA data sets for CB #l1, over
the range 0 to 0.6 T/M, were selected and
analyzed to generates statistics which could
be compared to the tritium bed IBA
statistics. In the this analysis, the best
model for the 65.0 SLPM data changed from
quadratic without b, to linear without B,-
For the 74.3 SLPM calibration data, the
quadratic model without b, remained the best
model. Table 1 shows the IBA inverse
regression inventory measurement errors for
the two tritium beds and the two CB #1 data
sets using various regression models. The
inverse regression error varies slightly
with T/M and the maximum values between O to
0.6 T/M are shown.

Figure 3 shows the hydride temperature at
IBA SS AT condltlons versus T/M correlation

t*o,, IBA Inventory Error
Bed - (grams T,)

Linear | Linear | Quad. | Quad.
w/bg w/o Dbg w/b, w/o b,

CB #1

65.0 SLPM 8.98° 7.30° 8.11°¢ 7.68°
CB #1

74.2 SLPM 13.29° 12.31° 7.08° 8.60°
TB #1 15.97¢ 12.62° 5.98° 7.54°
TB #2 4.20° 10.56° 6.07° | 11.06°

*Minimum values underlined, best model values
in bold print.

aximum error at 0.0 T/M.
‘Maximum error at 0.6 T/M.

Table 1. IBA Errors for Different Models®

to be linear for the cold data while the
tritium beds show a quadratic dependence.
The difference in temperature relationships
for the different beds was attributed to
heat conduction along the heaterwells in the
cold test prototype beds.
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Figure 3. Steady-State IBA Hydride

Temperatures

The bed hydrogen isotope pressure at IBA SS
AT conditions versus T/M correlation is
shown in Figure 4 for the tritium beds and
CB #1 at 65.0 SLPM. The solid lines shown
in Figure 4 were the results of regressing
the logarithm of pressure versus T/M data
while the dashed lines show extrapolation of
the regression beyond the range of the data.

DISCUSSION

Linear models are the easiest to use
for regressing and estimating IBA results,
but if the best model to for the IBA
calibration curve is quadratic, a
significant reduction in tritium measurement
error can be obtained. The significance of
the b, term needs in the model selected needs
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Pressures

to be determined when regression the IBA
data. The importance of selecting the best
model to calculate IBA tritium inventory
errors can be seen from the data in Table 1.
For CB #1 at 65.0 SLPM and TB #2, the linear
model with appropriate inclusion/exclusion
of b, is the best model and also gives the
smallest t*o,, value. Use of a higher order
model or the incorrect linear model would
produce a larger inventory error than the
best model. For CB #1 at 74.3 SLPM and TB
#1, the best model is the quadratic model
without b,. Selection of a linear model to
represent these data will greatly over-
egtimate the tritium inventory error while
selecting the incorrect quadratic model will
under—-estimate the inventory error. It is
interesting to note that IBA on TB #2
detected less energy than IBA on TB #1, but
TB #2 had a smaller t*g,, value.

.

Figure 3 shows the hydride temperature under
IBA SS AT conditions would not be as good a
correlation to use as that shown in Figure 2
for tritium inventory measurements. Similar
comments can be made of the pressure
correlation shown in Figure 4.

The T/M values obtained for the TB #l1 IBA
calibration curve shown in Figure 2 were not
very close to the target T/M values due to
the inability to estimate the quantity of
tritium desorbed from the bed during IBA
measurements. The pressure correlation
shown in Figure 4 was used to make this
estimate and the location of the T/M values
obtained for the TB #2 IBA curve were very
cloge to the target values.

CONCLUSIONS

The results of the cold test program
were extremely useful in the development of
the IBA technique and in estimating the
performance of the tritium production beds.
The cold test data gave inventory accuracies
gimilar to those obtained for the tritium
beds, were useful in determining the number
of costly calibration points to perform, and
allowed the modification of calibration

procedure before testing started to ensure
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the beds could be calibrated with sufficient
accuracy using PVTC transfers.

No general conclusions can be made about
which particular regression model should be
used for regression IBA data without testing
the different order models with and without
b, Successive testing of the different
models can be easily done using a "stepwise”
variable selection procedures.® 1In general,
the use of the wrong order polynomial will
give a larger inventory error than is
attainable. BAlso, the use of the correct
order polynomial, but incorrect
inclusion/exclusion of b, in the model can
over—-estimate, or worse, underestimate the
inventory measurement error.

Excellent IBA results were obtained for the
two tritium beds with the results similar to
that obtained from cold test program. This
technique being proven on production scale
tritium storage beds demonstrates that large
quantities of tritium can be accounted for
without removal of the gas from solid
storage media. This will prove useful in
the design of tritium storage vessel for use
in the design of ITER.
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APPENDIX A: INDEPENDENCE OF HELIUM AND
HYDROGEN SS AT RESULTS AT 65.0 SLPM

The model used to test independence of the
helium and hydrogen data was

¢ = (By + ByoXy) + (By + By X)X, + (B, +B X)X + e
(1)
or
$ =B, +B,X, + B, X, + B, X, X, + B, X} + By, X, X7 + e
(2)

where

[
L]

regression estimate of IBA SS AT

results,

T/M data,

indicator variable: 1 for hydrogen

data, 0 otherwise,

zeroth order polynomial coefficient

(intercept) for helium data

regression,

b, = first order polynomial coefficient
(slope) for heélium data regression,

b, =" second order polynomial coefficient

for helium data regression, and

by, = difference in intercepts for
regression of combined helium and
hydrogen data sets,

b, = difference in slopes for regression

& &
oo

of combined helium and hydrogen data

sets,

b,, = difference in second order
coefficient for regression of
combined helium and hydrogen data
sets, and

e = model error.

To determine if the hydrogen SS AT data were
significantly different than helium AT data,
the significance of by, b,, and bA2 in this
regression model were checked using
regression analysis goftware.* At the 95%
confidence level, the coefficients by, Db,
and b,,, and also b, were not significantly
different from zero. From these results it
was concluded that the SS AT versus T/M data
at 65.0 SLPM for helium or hydrogen were not
significantly different from one another.
Furthermore, a second order model with a
zero intercept is the statistically
significant model to use to represent these
data.

APPENDIX B: INVERSE REGRESSION ERROR MODELS

A single variable function, up to second
order, is assumed to be of the form

Y= [3°+B1X+[52X2+€ 3)

where X is the independent variable, Y is
the dependent variable, e is some error

(using the notation of Reference 5), and B,
By, B, are constants. The model used to
approximate this function is

¥ = B,+b, x+b,X*+e (4)

where e is the estimated error which is
assumed to be normal with a mean value of
zero and estlmated gtandard deviation
denoted as 52 with by, b;, and b, estimates of

Bor Bir B2 respectlvely.

For the inverse-regression, or calibration
model, an observed value of ¥, ¥, is used to
obtain the estimated value of X, X,. X, is

calculated, for a linear model, using
Xo = (YO - -60 - e) / -61 (5)

and for a quadratic model, using

2 = =B, + bZ -4b,(b,-Y,+€) _ -B, + yR (6)
° 25, 2b,
where R is
R = 5% - 4f§(1% -Y,+e) (7)

V() is used to denotes the variance of a
parameter. The systematic or calibration
variance for X,, V.(X,). is derived using
error propagatlon. For up to a second order
model, V,(X,) is given by

_[oz, %, a2,
nm)bAvw)bswm{%%%H
ox, 9%, %, oX,
22 B B cov(b,, B,) +2 38, L, cov(b,, B,)
az, aR,
. 235, a5, o BB

(8)

where Cov() denotes the covariance between
two parameters. The random variance for X,
V.(X,), is given by

P
VI(XO) = [aaXeo] V(e) = [aaX ] 62 (9)

The notation of Reference 5, is used to
define the quantity

Se =Y (% - X)¥; - Y) (10)

where over-bars indicate average values, and
X; and Y; are the X and Y coordinates of the
data for i equals 1 to n data pairs. The
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variance of the model error term, V(e) is
defined as ’

vie) = 82 = ; (v;-92)2 / df (11)
-1

where df is the degrees of freedom for the
regression which is equal to n minus the
number of parameters in the model.

1. Application to Linear Models

For the general linear model with non-
zero intercept, bz is not included in the
model and the coefficients b, and b, are
given by’

5%

Bl = SXY / Sml 60 = ?‘ (12)

For a linear model without a y-intercept
term, bQ is forced to be zero. In this
model, b, is calculated using

5 =Y x,v, /gxf (13)

i=1

The variance and covariance terms for the
general linear model are given by’

n

02y xi 2
= (14)
V(Bo) = _nllsl";'_'l V(Bl) =
Cov(B,,b,) = -X08% / Sy (15)
and for the forced zero- intercept model,
V(bﬂ can be derived to be
n
v(B,) =85 / }jx} (16)
=]

The partial derivatives needed to calculate
V,(X,) and V.(X,) are

2%, —gY B e!

-1 _-117)
b, B’ as é 5,

Using the partial derivatives, V. (X,) and
V.(X,) are given by

V.R) = L v(B,) +

+2 ﬁﬂ’_-sﬁ__g_el cov(5,,B,)
1

V(L) = =+ vi(e) = L
b? €) B2

2
° (19)

In application of these equations, the
(expected) value of e is zero. For the
general linear model, the equations for
V.(X,) and V.(X,) are the same as those
equations given by Jaech (Ref. 3, Equations
3.26 and 3.28, respectively). For the
forced zero-intercept model, the same
equations are used with ber V(D,) and
Cov(b,,b;) equal to zero.

2. Application to a Quadratic Model

For regression models higher than first
order, the algebraic expressions for the
regression coefficients and their variances
are more complicated and will not be
presented here. It is assumed that these
values can be obtained from the multiple
regresgssion software used to analyze the
data. To generate the covariance terms
needed from the Pearson correlation
coefficients generated by some software
packages, the following relationship was
used:

cov(B;,B,) =4/V(B,) V(B,) xPearson (Bj,Bkszo)

where Pearson( bk) is the Pearson
correlation coeff;cxent for parameters b and
by

For the quadratic model,

a2 t=(-45)

o _ 2 _ +1

o o _ 2 7 (21)
0¢ 25,yR VR

and V,(%X,) is given as

V}(XL) = [25.]¥7( ) =

] 8% = —az @2
,/z‘zf

The partial derivatives needed to calculate
V(X) are

a2, *3 (-4B)

9% . 2 ° _ _#1 (23)
ob, 26,/R VE
1
2, _ 15(251) c 1 (meB )(24)
ab, 2b, 26,/R  2B,/R *

Some other terms needed to calculate V,(X,)
are

To calculate V.(X,), the correct root of



2%, B sk 3 [4B-Yro)]

b, 2B 25,/R (25)
= _i_l + B2
2B%/‘[ wWR-G R D )]
a2’ 1 a2’ , (26)
[m% - R’ [a%] - 452 (-vVRb,)

a}?,, 2 =___1__|:B R —_E(R + .52)]2 (27)
3b,| aBtRL? 2 !

0%, 0%, _(.21)_1
38, o, (ﬁe)zszﬁe( VR:b,)

(28)
- :t‘-w/l_i * bz!
256,R
aR, %, B 2
2b, 95, 252 [BW —(R+B)] (29)
ag, a%, _ _ 2 (30)
—Eﬁgﬁz 433(J_15)[1R R+3]

Equation 6 must be used. When the sign of
the root (%) has been determined, the terms
in Equations 21 through 30 can be evaluated
and used in Equation 8 with the coefficients
and variances obtained from the regression
software packages. The standard deviation
for the inverse regression, o, was then
calculated using

O (R,) = JV(Z) + V. (R) (31)
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