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1. Introduction

The standard MFC 081 and 085 Mass Flow Converters enable the direct measurement of the
overall mass flow, mass total, density, and temperature of the process fluid passing through
the flow tube. From the mass flow and density measurements it is then possible to calculate
additional values for volume flow and volume total.

If the process fluid is a mixture of two components, then, given data on those components, it is
possible to infer, from the measured density, what the proportions of those components must
be. Clearly, if the two components have the same (or similar,) individual densities then the
mixture will also have the same density regardless of the relative proportions of the
components. Hence no concentration calculations will be possible for this case. As the
difference between the component densities increases, it then becomes easier to accurately
determine the relative proportions of the components.

The MFCO081 and 085 converters are available with enhanced software which can calculate the
concentrations of the solid/solute components within various mixtures. Typical mixtures
include:

solid / liquid suspensions or slurries

oil / water emulsions

dissolved solids in water or other solvent.

Owing to the diverse physical and chemical properties of such a range of mixtures no one
concentration equation can fit all cases. Hence five different versions of concentration software
are available.

General Concentration

This is a freely programmable algorithm for mixtures of two immiscible components,
(oil / water emulsions or solid / liquid slurries). It can also be used for most other
mixtures but the range of accurate measurements can be limited.

Brix
Concentration of sucrose in pure water measured in °BRIX

Baumé Rational

Baumé Commercial

Concentration of sucrose in pure water measured in °BAUME. There are two slightly
different versions of this scale with the “COMMERCIAL” version used more in the USA
and “RATIONAL” in Europe.

Sodium hydroxide, NaOH, Concentration
Concentration of aqueous sodium hydroxide, (NaOH), solutions.

All these different software versions provide measurements for Concentration, (in units of
°Brix, °Baumé or as a percentage by mass). They also provide a Solute Flow Rate so that the
mass flow rate of the solid / solute can be displayed. In addition the GENERAL
CONCENTRATION option provides a concentration by volume display.

Please Note :

The concentration measurements can only be as good as the density measurement from
which they are derived. For best performance it is recommended that the process should be
operated at a stable temperature and the density measurements should be site calibrated at
that temperature. Any sudden changes in temperature should be avoided.



2. Definitions

|2.1 Concentration by Volume (C v) |

A mixture with total volume, Vg, contains a volume, Vs, of one component. The
concentration by volume, Cy, of that component is:

Cv = ¥s x100%
T

Note: Vs, Vrand hence Cy will vary with temperature.

2.2 Concentration by Mass (C w)

A mixture or solution with total mass, My, contains mass, Ms, of one component. The
concentration by mass, Cw, of that component is:

Cv = M » 100%
Mt

Masses Ms, Mt and hence Cu do not vary with temperature.

2.3 Brix

Brix is the concentration by mass of sucrose in pure water. A 10% solution has a Brix value
of 10°Brix. A solution’s Brix value does not vary with temperature. If a 100 g solution
contains 10 g of sucrose it will still contain 10 g whether the temperature is 10, 20 or 30°C

The Brix option provides the following:
Sucrose Concentration Cgx °BRIX
Sucrose Mass Flow or BRIX RATE

Cax is defined by:

M sucrose
Msucrose+ MwaTer

Cex = J100

Where: Msucrose = mass of sucrose
MwaTter = mass of water

The BRIX RATE, (mass flow rate of sucrose) is given by :

BRIX RATE = Cax. m
100

where:  m is the mass flow of the total solution.

2.4 Baumé

This is another concentration scale for aqueous sucrose. It is based on the specific gravity of
sucrose solutions, 1155 , relative to water at 60°F, measured at 60°F. The concentration is
then given by:
14,
—15D Be

U

15

There are actually two Baumé scales:

Baumé Commercial (US) Kg
Baumé Rational Ks

O
Conc= Ky EJL—

145.0
144.3



25  Specific Gravity, O

This is the density of a substance measured at X°C relative to the density of water at Y°C.
Example:

At 20°C water has a density= 0.9982 g/cm3

At 4°C water has a density = 0.99997 g/cm3

At 20°C a 10% sucrose solution has a density = 1.0381 g/cm3

So, for the sucrose solution:

az = L0381 ) 43997
09982

d420 = ﬂ =1.03813
0.99997

3. Programming the Converter

|3.1 Menu Variations for Concentration Systems |

Table 3.1.1 below shows how the menus for the MFC081 / 085 converters vary with the
different concentration options. The main difference from the standard software is in the Fct.
1.2 and 3.2 menus. This is to allow the optional display of the new measured values. For
General Concentration systems menus Fct. 3.10.1 to 3.10.7 are available to allow the input of
product specific data.

Table 3.1.1
Menu Variations for Concentration systems
Concentration Option

Submenu NONE BRIX BAUME GEN. CONC. NaOH
Fct. 129 / not available BRIX RATE | SOLUTE.FLOW SOLUTE.FLOW SOLUTE.FLOW
3.29
Fct. 1.2.10 / not available BRIX BAUME CONC.BY.MASS | CONC.BY.MASS
3.2.10
Fct. 1.2.11 / not available not available not available CONC.BY. VOL. not available
3.2.11
Fct. 3.10.0 not available not available not available CONC. MEAS. not available
Fct. 3.10.1 not available not available not available SOLUTE R20 not available
Fct. 3.10.2 not available not available not available SOLUTE K1 not available
Fct. 3.10.3 not available not available not available SOLUTE K2 not available
Fct. 3.10.4 not available not available not available LIQUID not available
Fct. 3.10.5 not available not available not available LIQUID R20" not available
Fct. 3.10.6 not available not available not available LIQUID K1 not available
Fct. 3.10.7 not available not available not available LIQUID K2 not available

“Only available if Fct. 3.10.4 LIQUID is set to NON WATER



3.2  Displaying Concentration and Solute Flow Values

Table 3.2 shows the measured values available for display on the converter with the
concentration systems. All options have a Concentration by Mass display, (in units of °Brix,
°Baumé or just as a percentage), and a solid flow rate display. The General Concentration
option also has a percentage by volume display.

The control of these displays are basically the same for all systems, please refer to the
Standard operating manual. Using NaOH as an example, starting from measuring mode:

Key Line 1 Line 2 Comments

-11 Fct. 3.(0) INSTALL

-1 Fct. 3.(2).0 DISPLAY

- 1x8 Fct. 3.2.(9) SOLUTE.FLOW

- (OFF) Display disabled

) 00000.000 (g)/min Display enabled, use 1 key
to select mass units

1 00000.000 (kg)/min

- 00000.000 kg/(min) Use the t key to select
time units

= 00000(.)000 kg/min Use the t key move the
decimal point

1 000000(.)00 kg/min

O Fct. 3.2.(9) SOLUTE.FLOW

1 Fct. 3.2.(10) CONC.BY.MASS

- (OFF) Display disabled

) 000000.00 (PERCENT M) Display enabled

O Fct. 3.2.(10) CONC.BY.MASS

! Exit menus and save changes

Table 3.2.1 Measurement Display variations for Concentration systems

Concentration Option

NONE BRIX BAUME GEN. CONC. NaOH

MASS FLOW MASS FLOW MASS FLOW MASS FLOW MASS FLOW

MASS TOTAL MASS TOTAL MASS TOTAL MASS TOTAL MASS TOTAL
DENSITY DENSITY DENSITY DENSITY DENSITY
TEMPERATURE TEMPERATURE TEMPERATURE TEMPERATURE | TEMPERATURE
VOLUME FLOW VOLUME FLOW VOLUME FLOW VOLUME FLOW | VOLUME FLOW
VOLUME TOTAL VOLUME TOTAL VOLUME TOTAL VOLUME TOTAL | VOLUME TOTAL
BRIX BAUME PERCENT M. PERCENT M.
SUCROSE FLOW SUCROSE FLOW PERCENT V. SOLID FLOW

SOLID FLOW

BOLD type indicates displays that are permanently enabled. All other displays must be
specifically enabled in the corresponding Fct 1.2 or 3.2 menu.




3.3 Output of Concentration Values

Tables 3.3.1,3.3.2 and 3.3.3 show the additional output functions that are available with the
different concentration options. These may be programmed in the normal way as described in
the Standard Operating manual.

Table 3.3.1 Current Output Function Variations for Concentration systems

Concentration Option

NONE BRIX BAUME GEN. CONC. NaOH
OFF OFF OFF OFF OFF
MASS FLOW MASS FLOW MASS FLOW MASS FLOW MASS FLOW
DENSITY DENSITY DENSITY DENSITY DENSITY
TEMPERATUR. TEMPERATUR. TEMPERATUR. TEMPERATUR. TEMPERATUR.
VOL. FLOW VOL. FLOW VOL. FLOW VOL. FLOW VOL. FLOW
DIRECTION BRIX RATE SOLUTE. FLOW SOLUTE. FLOW SOLUTE. FLOW
BRIX BAUME CONC.BY.MASS | CONC.BY.MASS
DIRECTION DIRECTION CONC.BY VOL DIRECTION
DIRECTION
Table 3.3.2 Pulse Output Function Variations for Concentration systems
Concentration Option
NONE BRIX BAUME GEN. CONC. NaOH
OFF OFF OFF OFF OFF
MASS FLOW MASS FLOW MASS FLOW MASS FLOW MASS FLOW
MASS TOTAL MASS TOTAL MASS TOTAL MASS TOTAL MASS TOTAL
DENSITY DENSITY DENSITY DENSITY DENSITY
TEMPERATUR. TEMPERATUR. TEMPERATUR. TEMPERATUR. TEMPERATUR.
VOL. FLOW VOL. FLOW VOL. FLOW VOL. FLOW VOL. FLOW
VOL. TOTAL VOL. TOTAL VOL. TOTAL VOL. TOTAL VOL. TOTAL
DIRECTION BRIX RATE SOLUTE. FLOW SOLUTE. FLOW SOLUTE. FLOW
SUC. TOTAL SOL. TOTAL SOL. TOTAL SOL. TOTAL
BRIX BAUME CONC.BY.MASS | CONC.BY.MASS
DIRECTION DIRECTION CONC.BY VOL DIRECTION
DIRECTION
Table 3.3.3 Alarm Output Function Variations for Concentration systems
Concentration Option
NONE BRIX BAUME GEN. CONC. NaOH
OFF OFF OFF OFF OFF
MASS FLOW MASS FLOW MASS FLOW MASS FLOW MASS FLOW
MASS TOTAL MASS TOTAL MASS TOTAL MASS TOTAL MASS TOTAL
DENSITY DENSITY DENSITY DENSITY DENSITY
TEMPERATUR. TEMPERATUR. TEMPERATUR. TEMPERATUR. TEMPERATUR.
VOL. FLOW VOL. FLOW VOL. FLOW VOL. FLOW VOL. FLOW
VOL. TOTAL VOL. TOTAL VOL. TOTAL VOL. TOTAL VOL. TOTAL
DIRECTION BRIX RATE SOLUTE. FLOW SOLUTE. FLOW SOLUTE. FLOW
SEVERE ERR. BRIX BAUME CONC.BY.MASS | CONC.BY.MASS
ALL MSG. DIRECTION DIRECTION CONC.BY VOL DIRECTION
I1 SAT SEVERE ERR. SEVERE ERR. DIRECTION SEVERE ERR.
P1 SAT ALL MSG. ALL MSG. SEVERE ERR. ALL MSG.
ANY OP. SAT. 11 SAT 11 SAT ALL MSG. 11 SAT
P1 SAT P1 SAT I1 SAT P1 SAT
ANY OP. SAT. ANY OP. SAT. P1 SAT ANY OP. SAT.
ANY OP. SAT.




Using Brix as an example, starting from measuring mode:

Key
—11
—11

- 1XNn

Ot
- 1Xn
Ot

-~ 1x4
)

- 1x9
-1 X2
0d

- 1XNn

)

)

ao

- 1Xn
Ort

- 1x4
)

- 1x9
-1

[Ix4

Line 1

Fct. 3.(0)
Fct. 3.(3).0
Fct. 3.3.(1)

Fct. 3.3.(2)

Fct. 3.3.(3)
(0)0.00
(4).00

Fct. 3.3.(4)
(0)100.00
(0)00.00
(2)0.00
Fct. 3.(3).0

Fct. 3.(4).0
Fct. 3.4.(1)

Fct. 3.4.(2)
1.000

Fct. 3.4.(3)
(0)0.4

Fct. 3.(4).0

Fct. 3.(5).0
Fct. 3.5.(1)

Fct. 3.5.(3)
(0)0.00
(4).00

Fct. 3.5.(4)
(0)100.00
(0)00.000
(1)0.000
Fct. 3.5.(4)

Line 2
INSTALL
CUR.OUTP.I
FUNCTION |
(BRIX)

RANGE |
4-20mA

MIN BRIX
°BRIX
°BRIX

MAX BRIX
°BRIX

°BRIX

°BRIX
CUR.OUTP.I

PULS.OUTP.P
FUNCTION P
(SOL. TOTAL)

PULSE/MASS
. P.= (9)

PULSE.WIDTH
mSec

PULS.OUTP.P

ALARM.OUT.A
FUNCTION A
BRIX

MIN. LIMIT
°BAUME
°BAUME

MAX. LIMIT
°BAUME
°BAUME
°BAUME

MAX. LIMIT

Comments

Press the t key as required
to select BRIX

Use the t key select the range.

Edit the value to 4.0

Edit the value to 20.00

Current output now set
4-20°Brix = 4-20mA

Note: The Brix display need not
be enabled first in order to set
the output to Brix.

Use the 1 key to select the
desired function. The SOL.
TOTAL function sends a series
of pulses each one
representing a preset mass of
the solute.

Edit the this number and units
to select the desired mass per
pulse value.

Edit to set the desired
minimum pulse width

With these settings the output
will give one 0.4ms pulse for
every 1.0g of solute measured.

Use the t key to select the
desired function

Edit the lower alarm limit

Edit the upper alarm limit

Save changes. The alarm will
now be active if the Brix value
is outside the range 4-10 Brix




General Concentration

4.1  Mixtures Of Two Immiscible Non Compressible Components

Immiscible means the two components do not mix or interact with each other. Typical
examples are oil/water emulsions or solid/liquid suspensions. For these cases, if you have Vs
volume of one component and V¢ of the other, then on mixing, the total volume V7 is :

V1=Vs + V¢
Also for the masses :
Mt = Ms + Mc
Also the densities of the components ps, pc and the mixture pu are related by :
Mg Mc M,
ps :—’ pC = and pM =
VA VA \VA
It can be shown that :
C = Pu=Pc x100% Equation 1
Ps~Pc
Cy = Ps M x100% Equation 2
Pw Ps~Pc

The figure below shows graphically these two equations for the case Ps=2.0 and P c=1.0.
As can be seen, the Cy curve is linear whilst the Cw curve is not.

Concentration curves for Immiscible Mixtures
100.00%

90.00% +
80.00% +

70.00% +

—— Conc. by Volume
60.00% + ==Conc. by Mass

) Ps = 2.0g/cm3
50.00% Pc = 1.0g/cm3
40.00% +
30.00% +
20.00% +
10.00% +
0.00% t t t t
1.000 1.200 1.400 1.600 1.800 2.000

Density (g/cc)

It is these two equations that are used in the MFC081/085’s general concentration algorithm.
pv is measured directly by the meter and ps and pc are known for the components in question.



However, ps and pc vary with temperature, T. This is compensated for by using the following
equation for both ps and pc.

P = po + Ky (T-20) +K (T-20)°  Equation 3
where: p2o, K1 and Kz are input by the customer for each component.

These parameters are entered via the Fct. 3.10 menus.

Menu Comments

Fct. 3.10.1 SOLUTE R20 P20 for the solid component

Fct. 3.10.2 SOLUTE K1 K1 for the solid component

Fct. 3.10.3 SOLUTE K2 K2 for the solid component

Fct. 3.10.4 LIQUID Select either WATER or NON WATER

If WATER is selected then pc is taken
from an internal lookup table of water’s
density versus temperature.

If NON WATER is selected then pc is
calculated from Equation 3 using the
parameters in menus 3.10.5 to 3.10.7

Fct. 3.10.5 LIQUID R20 P20 for the liguid component
Fct. 3.10.6 LIQUID K1 K1 for the liquid component
Fct. 3.10.7 LIQUID K2 K2 for the liquid component

Having computed the concentrations it is possible to estimate the flow rate of the individual
components. If h is the total measured mass flow rate of the mixture, then the flow rate of the
solid/solute, m, is given by :

Cwm _
m= 700 'M Equation 4

4.2  Concentration Of Miscible Liquids

When two liquids mix or dissolve together they are said to be miscible. The two components
may also have a strong chemical interaction. For such mixtures volumes do not add.

V1 # Vs + V¢

Consequently equations 1 and 2 above only approximate to the true behaviour of the mixture.
The accuracy of this approximation varies from mixture to mixture and each case must be
individually assessed. Normally it is possible to achieve a good fit, although this may only be
over a limited range of densities.

Consider a mixture of ethanol and water as shown in the figure below. Clearly the true
characteristic does not follow the ideal case of the previous section. Ignoring temperature
compensation, (K1 = K2 = 0) the concentration software may be programmed with one of the
following data sets.

Fit 1 Fit 2
SOLUTE R20 0.85659 g/cm’ 0.83678 glcm®
LIQUID R20 0.99812 g/cm’ 1.01477 g/cm’

10



Concentration of Ethanol in Water at 20°C

50 N~

> —E thanol

“® \
40 \
35 s
\
30
25 NS
N -
N~
2 \\\
i \\
S ~
L N
N Al
\ N
15 N <
SN ~
N
\ <
~
10

Conc. by Mass

0.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1
Density g/cc

As can be seen Fit 1 matches the characteristic from about 0 to 12% ethanol, whereas Fit 2
matches the range 28 to 43%. Note, for these cases, although the liquid carrier is water it is
necessary to set the Liquid type (Fct. 3.10.4) to NON WATER so that the curves can be
adjusted for best fit.

4.3  Determining the General Concentration Parameters

Case 1: Solid suspensions in water.

For these cases the solid particles tend to have a density much greater than that of water and
their density can usually be considered not to vary significantly with temperature. Therefore
set:

Menu Setting Comments

Fct. 3.10.1 SOLUTE R20 Density of the dry solid

Fct. 3.10.2 SOLUTE K1 0 No temperature correction
Fct. 3.10.3 SOLUTE K2 0 necessary

Fct. 3.10.4 LIQUID WATER

This is the simplest case. There are some exceptions where the density of the dry solid differs
greatly from its apparent density when wet. Starch is one such substance, in this case the
starch will actually absorb water when wet.

Case 2: Solid suspensions in other liquids

As for Case 1 the dry solid density can be input in the same manner. However the converter
needs to know how the liquid carrier's density varies with temperature. If the process always
operates at the same temperature it is acceptable to input the carrier's density at that
temperature into Fct. 3.10.5 LIQUID R20, and to set Fct. 3.10.6 and 3.10.7 to zero. However
errors will result if the process is then operated at a different temperature.

If the density of the carrier is known only at two different temperatures then only a linear
compensation is possible.

11



Temperature °C Density

1st Point T1 p1
2nd Point T2 o
Set:  Fct. 3.10.4 LIQUID = NON WATER
Fct. 3.10.7 LIQUID K2 = 0
Fct. 3.10.6 LIQUID K1 = PP
-1

Fct. 3.10.5 LIQUID R20

p, = K,(T, - 20)
To fully fit the temperature compensation equation to the real fluid three different temperature /

density points are required; (p1,T1), (P2,T2), and (p3,Ts). This gives a set of three equations
with three unknowns to be solved simultaneously.

P1 =Pyt Kl(Tl_20)+ KZ(Tl_ 2()2
Py =Pyt Kl(T2_20)+ Kz(Tz_ ZQZ
Ps=Px* Kl(T3_20)+ Kz(Ts_ 2@2

Manual solution of these equations is possible, especially if one of the temperatures T1,T> or
Ts = 20°C. However this is tedious and mistakes are easily made. It is recommended that the
Microsoft Excell] spread sheet file CONC4.XLT should be used to solve these equations
automatically.

Should a PC running Microsoft Exceld version 5 or later not be available the solution of these
equations is as follows:

_ pl(T3_T2)+p2(Tl_ T3)+p3(T2— T])
T(L-T)+T(T-T)+ T(I- )

2

P, P, KZ(Tl—ZO)2 + Kz(T2 - 2()2
T1_T2

K, =

Pa =P~ Ky(T,=20) - KT~ 202

Case 3: Oil Water Emulsions

For this case the oil should be treated as the “solid” component, and the LIQUID (Fct. 3.10.4)
should be set to WATER. The calculation of the oil's density parameters (Fct. 3.10.1 - 3) are
calculated in the same way as described for the liquid carrier in Case 2 above.

12



Case 4: Dissolved solids.

To program the converter for this case two density / concentration points are required at three
different temperatures. The three temperatures should cover the normal operating range of the
process and the concentration points should be chosen to match the normal operating span of
concentrations over which maximum accuracy is required.

Temp. /°C Conc. by Mass /% Density /g/cm3
T1 Cu P11
Co1 P21
T Cu2 P12
Co P22
Ts Cis P13
Cos P23

This data should then be input into the Microsoft Exceld CONC4.XLT spread sheet which will
then proceed to calculate the settings for the 3.10 menus. Manual solution of the equations is
possible but the Excel method is preferable as it will also produce tables and charts so the
algorithm can be compared against real data and adjustments quickly made if necessary.

To solve manually, ps and pc values must be calculated for each of the temperatures, T1, T2
and T3, using the equations:

plnp2n(cln B C2n)
P1nCin = P 2,Cop

Pcn =

Clnplnpcn
C1np1n - 10(xpln - pcn)

Psn =

for temperatuig

With three temperature / pc points the Liquid p2o , K1 and Kz values can be calculated as
detailed for Case 2. The Solute 020, K1 and Kz values can then be calculated in the same way
from the three ps values.

Example:  Aqueous Sodium Chloride Solution (NaCl).

The process operates between 10 to 30°C and is required to measure NaCl concentrations
between 5 and 15% by mass.

13



Enter the raw data (bold) into the table below then for each temperature calculate p. and ps
using the above equations.

Temp. /°C Conc. by Mass /% Densitél Oc Os
/glcm

10 5.52 1.040473 1.002565 2.9473856
14.9 1.112023

20 5.52 1.037835 1.0006212 2.8540898
14.9 1.107953

30 5.52 1.034454 0.9977574 2.7906384
14.9 1.103516

Transfer the p. and ps into the table below and calculate the Py, K1 and K2 values for each
using the equations of Case 2:

Density Temp. | Kz K1 020

Liquid | p, = 1.002565 10 -0.0000046 -0.0002404 | 1.000621
p2= 1.0006212 | 20
0= 0.9977574 | 30
Solid | p,= 2.9473856 | 10 +0.0001492 | -0.0078374 | 2.85409
02 = 2.8540898 | 20
0= 2.7906384 | 30

Program these values into the converter. For this example the fit of the concentration
algorithm, over the range 3 to 17%, is accurate to better than +0.1

4.4  Entering the data into the converter

Having calculated the necessary parameters they must now be entered into the converter. In
performing the p2o, K1, K2 calculations it does not matter which density units are used, (g/cms,
kg/ms, Ib/US Gallon etc), provided all data is then entered in those units.

For an example consider an oil / water emulsion where the oil has densities of 650.0, 648.5,
and 647.3 kg/m3 at temperatures 10, 20 and 30°C respectively. From this data:

p2o = 648.5 kg/m®
Ki = -0.135 kg/m®/°C
Ko = 0.0015 kg/m®°C?

14



Beginning from measuring mode:

Key Line 1 Line 2 Comments

-1t Fct. (3).0 INSTALL

- 1Xx9 Fct. 3.(10).0 CONC. MEAS.

- Fct. 3.10.(1) SOLUTE R20

- +4.0000000 (g)/cm3 Use 1 to select mass units.

1 +4.0000000 (kg)lem®

- +4.0000000 kg/(cm?’) Use 1 to select volume units.

X3 +4.0000000 kg/(m?’) Units set here must match
those used in calculations

- +(4).0000000 kg/m3 Enter the calculated value

1 +(6).0000000 kg/m®

R +6(.)0000000 kg/m®

1 +600(.)00000 kg/m®

~1x5  +600.(5)0000 kg/m®

~x8 +6(0)0.50000 kg/m®

1 X4 +6(4)0.50000 kg/m®

~1x8  +64(8).50000 kg/m®

Ot Fct. 3.10.(2) SOLUTE K1

- (+)0.0000000 /°C Enter K1 as calculated

1 (-)0.0000000 /°C

- - -1 -0.(1)000000 /°C

- 1Xx3 -0.1(3)000000 /°C

- 1x5 -0.13(5)0000 /°C

) Fct. 3.10.(3) SOLUTE K2 Enter K2 as calculated

- (+)0.0000000 [°C2

-x5 +0.00(0)0000 [°C2

1 +0.00(1)0000 [°C2

- 1x5 +0.001(5)000 [°C2

Ot Fct. 3.10.(4) LIQUID

- (NON WATER) Select the carrier as water.

1 (WATER)

O Fct. 3.10.(4) LIQUID

Ox4 Save changes and return to
measurements.

Practical Considerations when using Concentration Measurements

5.1  Accuracy of Concentration Estimation

The results of the concentration estimation depend on the accuracy of the density
measurements and on the “fit” of the algorithm used to infer the concentration value. Of the
two factors the density measurement itself is obviously the most critical. In order to assess
the effect of inaccuracies in the density measurement it is necessary to consider the amount
density will change over a given range of interest..

For instance, it is required to measure concentrations in the range 5 to 10% by mass. Over
this range density varies from 1.018 to 1.038 g/cm®, a change of 0.020 g/cm®. If the density
accuracy of the flow meter is +0.002g/cm® , then , assuming that the variation of density with
concentration is linear, the approximate accuracy of the measurement will be:

N Change in Concentratio)p
" Change in Density

Density Accuracy =+ > x0.002=+05
0.02

15



Obviously this simple calculation takes no account of temperature, or of the fit of the
algorithm, but it very quickly gives an indication of what is achievable with any given density
meter.

There are other factors which also limit the ability of the meter to read an accurate density

figure.

e Air/ Gas Inclusions . If the process fluid has a significant gas content this will cause the
Coriolis meter to under-read density. This is not a fault of the meter but a problem with the
application. If it is not possible to prevent air getting into the fluid various measures can be
taken to try to minimise the effect. The meter should be installed vertically to prevent air
collecting within it (this may not help with bent tube instruments). Try pressurising the line
to try to collapse any air bubbles.

e Temperature Shocks . Corimass meters have temperature compensation for their density
measurements, and can cope with slowly changing temperatures. If however the meter is
subjected to a rapid change in the temperature, then temporary errors in the density
reading may result, whilst the whole instrument achieves a new thermal equilibrium. Such
errors can persist for several minutes after the initial shock.

¢ Response Time . Corimass meters display a "steady state” density value. They cannot
track fast changes in density. If the fluid passing through the meter has a sudden change in
density, then the meter, owing to internal filtering will take about 30 seconds before the
density reading settles to the new value.

To ensure a good density measurement :

a) Ensure meter is properly installed and clamped.

b) The product must be free from air bubbles (see above).

c) Site calibrate the density measurement, preferably at the process’ normal operating
temperature, as described in the standard operating manual.

| 5.2 Brix Measurements

Many industries use the Brix scale to monitor/control the sucrose content in their product(s).

Typically, they will use a refractrometer to do this. A small sample of the product is taken
from the line and placed on the refractrometer. The refractrometer then measures the
refractive index of the sample.

The refractive index of sucrose solutions varies with both concentration and temperature.
Modern refractrometers also measure temperature, and can then display a inferred Brix value,
based on the assumption that the sample it measured was just a solution of sucrose in water.
This whole process is an off-line procedure and can be very inconvenient. In-line
refractrometers are available, but these are notoriously unreliable and need frequent cleaning
and maintenance.

In practice very few companies work with pure sucrose solutions, but they still use a
refractrometer to measure Brix! In the case of soft drinks manufacturers their product will
contain many other components in addition to sucrose (maybe glucose, fructose, fruit acids,
proteins, suspended particulates etc.). Many of these other components may affect the
product’s overall refractive index. Consequently, the refractrometer reading becomes only an
approximation to the actual sugar content.

16



Coriolis mass flowmeters measure density and temperature. From these measurements, and
the known characteristics of sucrose solutions, a Brix value can be calculated. As with the
refractrometer, if there are any other components present in the product, then the displayed
Brix value will be only an approximation. This approximation can not be expected to match
exactly the refractrometer’'s approximation. This is because the impurities will not necessary
have the same effect on refractive index as they do on density. Solid particles in the product
will not effect how light is refracted passing thorough the rest of the liquid, but they will effect
its density.

If this situation is not acceptable then the GENERAL CONCENTRATION option could be used
instead. Its parameters should be set so that the ‘PERCENT M’ display mimics the
refractrometer. This requires that the product be fully characterised as described in Section
4.3 Case 4.

5.3  Sodium Hydroxide, (NaOH), Concentration

The NaOH algorithm fits the true characteristics of the product to one decimal place (+0.1).
However the range of the fit is limited to 10 to 40°C and 0 to 50% solutions. This is not a great
problem for the Titanium MFM 4085 G series flow meters, as higher concentrations and
temperature would corrode the flow tube. (Zirconium meters and the stainless steel are fully
resistant to attack by Sodium Hydroxide).
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Appendix 1 Table of Brix Values Versus Density And Temperature

Temperature

Density §O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

glcc

0958 [- - - - - - - - - - - - - - - - - - - - -

0960 J- - - - - - - - - - - - - - - - - - - - 0.52

0962 J- - - - - - - - - - - - - - - - - - - 0.06 1.07

0964 [- - - - - - - - - - - - - - - - - - - 061 162
0.966f - - - - - - - - - - - - - - - - - - 020 115 217
0.968] - - - - - - - - - - - - - - - - - - 074 169 272
o970 - . . . . . . . . . . - - - - - - 037 128 223 326
0.972| - - - - - - - - - - - - - - - - 0.05 091 181 277 3.79
0.974 - - - - - - - - - - - - - - - - 059 144 235 330 4.33
0.076] - . . . . . . . - - - - - - - 030 112 198 288 384 486
0.978] - . - - . . - - - - - - - - 005 084 166 251 341 437 539
o.980] - . . . . . . . . . . - - - 058 1.37 219 3.04 394 489 592
0.982] - - - - - - - - - - - - - 038 111 190 271 356 446 542 6.45
o984l - . . - - - - - - - - - 021 091 164 242 324 409 499 594 697
0.086] - . . . . . . . . - - 007 074 144 217 295 377 461 551 646 7.49
0.988 - - - - - - - - - - - 0.61 127 197 269 347 429 513 6.03 6.98 8.00
0.990 - - - - - - - - - - 051 113 180 250 322 400 481 565 654 750 852
0.992 - - - - - - - - - 046 103 166 233 3.02 374 452 533 617 7.06 801 9.03
0.904f - - - - - - - - 046 099 156 219 285 354 426 503 585 668 757 852 954
0.996f - - - - - - 0.08 051 099 151 208 271 337 406 478 555 636 7.19 809 9.03 10.05
0.998f - - - - - 025 060 1.03 151 203 260 323 389 458 529 607 687 771 859 954 1055
1.000f 0.03 - 0.00 0.12 046 0.77 1.12 156 203 255 312 375 441 510 581 658 739 822 910 10.04 11.06
1.0024 053 050 052 0.65 098 129 164 208 255 3.07 364 427 493 561 632 7.09 790 872 961 1055 11.56
1.004g 1.03 1.01 104 118 149 180 216 259 307 359 416 478 544 6.13 683 7.60 840 9.23 1011 11.05 12.05
1.006g 1.53 152 156 171 201 231 267 311 359 410 467 530 596 664 734 811 891 973 10.61 11.55 1255
1.008fg 2.03 2.02 207 223 252 283 318 362 410 462 518 581 647 715 7.85 861 941 10.23 11.11 12.05 13.04
1.010g 252 253 258 275 3.03 334 370 413 461 513 569 632 698 765 836 912 992 10.73 11.61 12.54 13.54
1.012f 3.02 3.03 3.09 327 353 384 421 464 512 564 620 683 7.48 816 886 9.62 1042 11.23 12.11 13.03 14.03
1.014f 351 353 360 3.79 4.04 435 471 515 563 614 671 733 799 867 936 10.12 10.92 11.73 12.60 13.52 14.51
1.016f 4.00 4.03 4.10 430 454 485 522 566 614 665 722 7.84 849 917 9.86 10.62 11.41 12.23 13.09 14.01 15.00
1.018f 448 452 461 481 504 536 572 6.16 664 715 772 834 900 9.67 1036 11.12 11.91 12.72 13.58 14.50 15.48
1.020g 497 5.02 511 532 554 586 623 6.67 714 7.66 822 884 950 10.17 10.86 11.61 12.40 13.21 14.07 14.99 15.96
1.022f 545 551 561 582 6.04 636 673 7.17 765 816 872 934 999 10.66 11.35 12.11 12.90 13.70 14.56 15.47 16.44
1.024f 594 6.00 6.10 6.32 654 685 722 767 815 866 922 9.84 1049 11.16 11.85 12.60 13.39 14.19 15.05 15.95 16.92
1.026f 6.42 649 660 6.82 7.03 735 772 817 864 915 972 10.34 10.99 11.65 12.34 13.09 13.87 14.67 15.53 16.43 17.39
1.0284 6.90 6.97 709 732 753 7.85 822 866 914 9.65 1021 10.83 11.48 12.15 12.83 13.58 14.36 15.16 16.01 16.91 17.87
1.0304 737 7.46 758 7.82 802 834 871 916 963 10.14 10.71 11.32 11.97 12.64 13.32 14.07 14.85 15.64 16.49 17.39 18.34
1.032g 785 7.94 807 831 851 883 920 9.65 10.13 10.63 11.20 11.81 12.46 13.12 13.81 14.55 15.33 16.12 16.97 17.86 18.81
1.034f 832 842 856 880 9.00 932 9.69 10.14 10.62 11.12 11.69 12.30 12.95 13.61 14.29 15.03 15.81 16.60 17.45 18.33 19.28
1.036f 8.80 8.90 9.04 9.29 948 9.81 10.18 10.63 11.11 11.61 12.18 12.79 13.43 14.10 14.78 15.52 16.29 17.08 17.92 18.80 19.74
1.038f 9.27 9.38 952 9.78 9.97 10.29 10.67 11.11 1159 12.10 12.66 13.28 13.92 14.58 15.26 16.00 16.77 17.55 18.39 19.27 20.21
1.040fg 9.74 9.86 10.00 10.26 10.45 10.78 11.16 11.60 12.08 12.59 13.15 13.76 14.40 15.06 15.74 16.48 17.25 18.03 18.86 19.74 20.67
1.042410.20 10.33 10.48 10.74 10.93 11.26 11.64 12.08 12.56 13.07 13.63 14.24 14.88 15.54 16.22 16.95 17.72 18.50 19.33 20.21 21.13
1.044410.67 10.80 10.96 11.22 11.41 11.74 12,12 1257 13.05 13.55 14.11 14.72 15.36 16.02 16.70 17.43 18.20 18.97 19.80 20.67 21.59
1.046Q11.14 11.27 11.43 11.70 11.89 1222 12.60 13.05 13.53 14.03 14.59 15.20 15.84 16.50 17.17 17.90 18.67 19.44 20.27 21.13 22.05
1.048411.60 11.74 11.91 12.18 12.37 12.70 13.08 13.53 14.01 14.51 15.07 15.68 16.32 16.97 17.65 18.37 19.14 19.91 20.73 21.59 22.50
1.050412.06 12.21 12.38 12.65 12.84 13.17 13.56 14.00 14.48 14.99 15.55 16.16 16.79 17.45 18.12 18.85 19.61 20.38 21.20 22.05 22.95
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1.130

1.132

1.134

1.136

1.138

1.140

1.142|

1.144)

12.52

12.98

13.44

13.89

14.35

14.80

15.25

15.70

16.15

16.60

17.04

17.49

17.93

18.37

18.81

19.25

19.69

20.13

20.56

21.00

21.43

21.86

22.29

22.72

23.14

23.57

23.99

24.42

24.84

25.26

25.68

26.10

26.52

26.93

27.35

27.76

28.18

28.59

29.00

29.41

29.82

30.22

30.63

31.03

31.44

31.84

32.24

12.68

13.14

13.60

14.06

14.52

14.98

15.44

15.89

16.34

16.79

17.24

17.69

18.14

18.58

19.03

19.47

19.91

20.35

20.79

21.22

21.66

22.09

22.53

22.96

23.39

23.81

24.24

24.67

25.09

25.51

25.94

26.36

26.78

27.19

27.61

28.03

28.44

28.85

29.27

29.68

30.09

30.50

30.90

31.31

3171

32.12

32.52

12.85

13.31

13.78

14.24

14.71

15.17

15.63

16.08

16.54

16.99

17.45

17.90

18.35

18.79

19.24

19.68

20.13

20.57

21.01

21.45

21.88

22.32

22.75

23.19

23.62

24.05

24.48

24.91

25.33

25.76

26.18

26.60

27.02

27.44

27.86

28.28

28.69

29.11

29.52

29.93

30.34

30.75

31.16

31.57

31.98

32.38

32.79

13.12

13.59

14.06

14.53

14.99

15.45

1591

16.37

16.83

17.28

17.74

18.19

18.64

19.09

19.53

19.98

20.42

20.86

21.30

21.74

22.18

22.61

23.05

23.48

23.91

24.34

2477

25.20

25.62

26.05

26.47

26.89

27.31

27.73

28.15

28.57

28.99

29.40

29.81

30.23

30.64

31.05

31.46

31.86

32.27

32.68

33.08

13.31

13.79

14.26

14.72

15.19

15.66

16.12

16.58

17.04

17.50

17.96

18.42

18.87

19.33

19.78

20.23

20.68

21.12

21.57

22.02

22.46

22.90

23.34

23.78

24.22

24.65

25.09

25.52

25.96

26.39

26.82

27.24

27.67

28.10

28.52

28.94

29.37

29.79

30.21

30.62

31.04

31.46

31.87

32.28

32.69

33.10

33.51

13.65

14.12

14.59

15.06

15.53

16.00

16.46

16.93

17.39

17.85

18.31

18.77

19.22

19.68

20.13

20.58

21.03

21.48

21.93

22.37

22.82

23.26

23.70

24.14

24.58

25.02

25.46

25.89

26.32

26.76

27.19

27.62

28.04

28.47

28.90

29.32

29.74

30.17

30.59

31.01

31.42

31.84

32.25

32.67

33.08

33.49

33.90

14.03

14.51

14.98

15.45

15.92

16.39

16.85

17.32

17.78

18.24

18.70

19.16

19.62

20.08

20.53

20.98

21.43

21.88

22.33

22.78

23.22

23.67

2411

24.55

24.99

25.43

25.87

26.30

26.74

27.17

27.60

28.03

28.46

28.89

29.31

29.74

30.16

30.58

31.00

31.42

31.84

32.26

32.67

33.09

33.50

33.91

34.33

14.48

14.95

15.43

15.90

16.37

16.84

17.30

17.77

18.23

18.69

19.15

19.61

20.07

20.52

20.98

21.43

21.88

22.33

22.78

23.23

23.67

2411

24.56

25.00

25.44

25.88

26.31

26.75

27.18

27.62

28.05

28.48

28.91

29.33

29.76

30.18

30.61

31.03

31.45

31.87

32.29

32.70

33.12

33.53

33.95

34.36

34.77

14.96

15.43

15.91

16.38

16.85

17.31

17.78

18.25

18.71

19.17

19.63

20.09

20.55

21.00

21.46

21.91

22.36

22.81

23.26

23.70

24.15

24.59

25.04

25.48

25.92

26.35

26.79

27.23

27.66

28.09

28.52

28.95

29.38

29.81

30.24

30.66

31.08

31.51

31.93

32.35

32.76

33.18

33.60

34.01

34.42

34.84

35.25

15.46

15.94

16.41

16.88

17.35

17.82

18.29

18.75

19.21

19.68

20.14

20.59

21.05

21.51

21.96

22.41

22.87

23.32

23.76

24.21

24.66

25.10

25.54

25.98

26.42

26.86

27.30

27.73

28.17

28.60

29.03

29.46

29.89

30.32

30.75

31.17

31.59

32.02

32.44

32.86

33.27

33.69

34.11

34.52

34.93

35.35

35.76

16.03

16.50

16.97

17.44

17.91

18.38

18.84

19.31

19.77

20.23

20.69

21.15

21.61

22.06

22.52

22.97

23.42

23.87

24.32

24.76

25.21

25.65

26.09

26.53

26.97

27.41

27.85

28.28

28.72

29.15

29.58

30.01

30.44

30.86

31.29

31.71

32.13

32.56

32.98

33.40

33.81

34.23

34.64

35.06

35.47

35.88

36.29

16.63

17.10

17.58

18.04

18.51

18.98

19.44

19.91

20.37

20.83

21.29

21.74

22.20

22.65

23.11

23.56

24.01

24.46

24.90

25.35

25.79

26.23

26.67

27.11

27.55

27.99

28.42

28.86

29.29

29.72

30.15

30.58

31.01

31.43

31.86

32.28

32.70

33.12

33.54

33.96

34.37

34.79

35.20

35.62

36.03

36.44

36.85

17.26

17.74

18.21

18.67

19.14

19.61

20.07

20.53

20.99

21.45

21.91

22.36

22.82

23.27

23.72

24.17

24.62

25.07

25.51

25.96

26.40

26.84

27.28

27.72

28.15

28.59

29.02

29.46

29.89

30.32

30.74

31.17

31.60

32.02

32.45

32.87

33.29

33.71

34.12

34.54

34.96

35.37

35.78

36.19

36.60

37.01

37.42

17.92

18.39

18.86

19.33

19.79

20.26

20.72

21.18

21.64

22.10

22.55

23.01

23.46

23.91

24.36

24.81

25.26

25.71

26.15

26.59

27.03

27.47

27.91

28.35

28.79

29.22

29.65

30.08

30.51

30.94

31.37

31.80

32.22

32.64

33.07

33.49

33.91

34.32

34.74

35.16

35.57

35.98

36.40

36.81

37.21

37.62

38.03

18.59

19.06

19.53

19.99

20.46

20.92

21.38

21.84

22.30

22.76

23.21

23.67

24.12

24.57

25.02

25.47

25.91

26.36

26.80

27.24

27.68

28.12

28.56

29.00

29.43

29.86

30.30

30.73

31.16

31.58

32.01

32.43

32.86

33.28

33.70

34.12

34.54

34.96

35.37

35.79

36.20

36.61

37.02

37.43

37.84

38.24

38.65

19.31

19.78

20.25

20.71

21.18

21.64

22.10

22.55

23.01

23.47

23.92

24.37

24.82

25.27

25.72

26.16

26.61

27.05

27.49

27.93

28.37

28.81

29.24

29.68

30.11

30.54

30.97

31.40

31.83

32.26

32.68

33.10

33.52

33.95

34.36

34.78

35.20

35.61

36.03

36.44

36.85

37.26

37.67

38.08

38.48

38.89

39.29

20.07

20.54

21.00

21.46

21.92

22.38

22.84

23.30

23.75

24.20

24.65

25.10

25.55

26.00

26.44

26.89

27.33

27.77

28.21

28.65

29.08

29.52

29.95

30.38

30.81

31.24

31.67

32.10

32.52

32.95

33.37

33.79

34.21

34.63

35.04

35.46

35.87

36.29

36.70

37.11

37.52

37.93

38.33

38.74

39.14

39.54

39.95

20.84

21.30

21.76

22.22

22.68

23.14

23.59

24.05

24.50

24.95

25.40

25.85

26.29

26.74

27.18

27.62

28.06

28.50

28.94

29.37

29.80

30.24

30.67

31.10

31.53

31.95

32.38

32.80

33.23

33.65

34.07

34.49

34.91

35.32

35.74

36.15

36.56

36.97

37.38

37.79

38.20

38.60

39.01

39.41

39.81

40.22

40.61

21.66

22.12

22.57

23.03

23.49

23.94

24.39

24.84

25.29

25.74

26.18

26.63

27.07

27.51

27.95

28.39

28.83

29.26

29.70

30.13

30.56

30.99

31.42

31.84

32.27

32.69

33.12

33.54

33.96

34.38

34.79

35.21

35.63

36.04

36.45

36.86

37.27

37.68

38.09

38.49

38.90

39.30

39.70

40.10

40.50

40.90

41.30

2251

22.97

23.42

23.87

24.32

24.77

25.22

25.67

26.11

26.55

27.00

27.44

27.88

28.31

28.75

29.18

29.62

30.05

30.48

30.91

31.34

31.76

32.19

32.61

33.03

33.45

33.87

34.29

34.71

35.12

35.54

35.95

36.36

36.77

37.18

37.59

38.00

38.40

38.81

39.21

39.61

40.01

40.41

40.81

41.21

41.60

42.00

23.41
23.86
24.31
24.75
25.20
25.64
26.09
26.53
26.97
27.41
27.84
28.28
28.71
29.15
29.58
30.01
30.43
30.86
31.29
3171
32.13
32.56
32.98
33.40
33.81
34.23
34.65
35.06
35.47
35.88
36.30
36.70
37.11
37.52
37.93
38.33
38.73
39.14
39.54
39.94
40.34
40.73
41.13
41.53
41.92
42.31

42.71
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Density
glcc

Temperature
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10

15

20

25
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35

40

45

50
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60
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70

75

80

85

90

95

100

1.146|
1.148
1.150
1.152
1.154
1.156
1.158
1.160
1.162
1.164
1.166)
1.168,
1.170
1.172|
1.174
1.176|
1.178
1.180
1.182
1.184
1.186
1.188,
1.190
1.192
1.194
1.196|
1.198
1.200
1.202
1.204
1.206
1.208,
1.210
1.212|
1.214
1.216|
1.218
1.220
1.222|
1.224
1.226
1.228
1.230
1.232
1.234
1.236

1.238

20

32.64

33.04

33.44

33.84

34.23

34.63

35.02

35.42

35.81

36.20

36.59

36.98

37.37

37.76

38.14

38.53

38.91

39.30

39.68

40.06

40.44

40.82

41.20

41.58

41.96

42.33

42.71

43.08

43.46

43.83

44.20

44.57

44.94

45.31

45.68

46.05

46.41

46.78

47.15

47.51

47.87

48.24

48.60

48.96

49.32

49.68

50.04

32.92

33.32

33.72

34.12

34.52

34.92

35.31

35.71

36.10

36.49

36.88

37.27

37.66

38.05

38.44

38.82

39.21

39.59

39.98

40.36

40.74

41.12

41.50

41.88

42.26

42.64

43.01

43.39

43.76

44.14

44.51

44.88

45.25

45.63

46.00

46.36

46.73

47.10

47.47

47.83

48.20

48.56

48.92

49.28

49.65

50.01

50.37

33.19

33.59

33.99

34.39

34.79

35.19

35.59

35.98

36.38

36.77

37.16

37.55

37.95

38.34

38.72

39.11

39.50

39.89

40.27

40.66

41.04

41.42

41.80

42.18

42.56

42.94

43.32

43.70

44.07

44.45

44.83

45.20

45.57

45.94

46.32

46.69

47.06

47.43

47.79

48.16

48.53

48.89

49.26

49.62

49.99

50.35

50.71

33.48

33.89

34.29

34.69

35.09

35.49

35.89

36.28

36.68

37.07

37.47

37.86

38.25

38.64

39.03

39.42

39.81

40.20

40.59

40.97

41.36

41.74

42.12

42.51

42.89

43.27

43.65

44.03

44.41

44.79

45.16

45.54

45.91

46.29

46.66

47.04

47.41

47.78

48.15

48.52

48.89

49.26

49.63

49.99

50.36

50.73

51.09

33.92

34.33

34.74

35.14

35.54

35.95

36.35

36.75

37.15

37.54

37.94

38.33

38.73

39.12

39.51

39.91

40.30

40.68

41.07

41.46

41.84

42.23

42.61

42.99

43.38

43.76

44.14

44,51

44.89

45.27

45.64

46.02

46.39

46.76

47.14

47.51

47.88

48.24

48.61

48.98

49.35

49.71

50.07

50.44

50.80

51.16

51.52

34.31

34.72

35.13

35.53

35.94

36.34

36.74

37.14

37.54

37.94

38.34

38.73

39.13

39.52

39.92

40.31

40.70

41.09

41.48

41.86

42.25

42.64

43.02

43.40

43.79

4417

44.55

44.93

45.30

45.68

46.06

46.43

46.81

47.18

47.55

47.92

48.29

48.66

49.03

49.40

49.76

50.13

50.49

50.86

51.22

51.58

51.94

34.73

35.14

35.55

35.96

36.36

36.76

37.17

37.57

37.97

38.37

38.76

39.16

39.56

39.95

40.34

40.74

41.13

41.52

41.91

42.29

42.68

43.07

43.45

43.83

44.22

44.60

44.98

45.36

45.73

46.11

46.49

46.86

47.24

47.61

47.98

48.35

48.72

49.09

49.46

49.83

50.19

50.56

50.92

51.29

51.65

52.01

52.37

35.18

35.59

36.00

36.40

36.81

37.21

37.61

38.01

38.41

38.81

39.21

39.61

40.00

40.40

40.79

41.18

41.57

41.96

42.35

42.74

43.13

43.51

43.90

44.28

44.66

45.04

45.42

45.80

46.18

46.56

46.94

47.31

47.68

48.06

48.43

48.80

49.17

49.54

49.91

50.28

50.64

51.01

51.37

51.74

52.10

52.46

52.82

35.66

36.06

36.47

36.88

37.28

37.68

38.09

38.49

38.89

39.29

39.68

40.08

40.48

40.87

41.26

41.66

42.05

42.44

42.82

43.21

43.60

43.98

44.37

44.75

45.13

45.52

45.90

46.27

46.65

47.03

47.41

47.78

48.16

48.53

48.90

49.27

49.64

50.01

50.38

50.75

51.11

51.48

51.84

52.21

52.57

52.93

53.29

36.17

36.57

36.98

37.39

37.79

38.19

38.60

39.00

39.40

39.80

40.19

40.59

40.98

41.38

41.77

42.16

42.55

42.94

43.33

43.72

44.10

44.49

44.87

45.26

45.64

46.02

46.40

46.78

47.15

47.53

47.91

48.28

48.66

49.03

49.40

49.77

50.14

50.51

50.88

51.24

51.61

51.97

52.34

52.70

53.06

53.42

53.78

36.70

37.11

37.51

37.92

38.32

38.72

39.13

39.53

39.93

40.32

40.72

41.12

41.51

41.90

42.30

42.69

43.08

43.46

43.85

44.24

44.62

45.01

45.39

45.77

46.15

46.53

46.91

47.29

47.67

48.04

48.42

48.79

49.17

49.54

49.91

50.28

50.65

51.01

51.38

51.75

52.11

52.48

52.84

53.20

53.56

53.92

54.28

37.25

37.66

38.07

38.47

38.87

39.27

39.67

40.07

40.47

40.87

41.26

41.66

42.05

42.44

42.84

43.23

43.61

44.00

44.39

44.77

45.16

45.54

45.92

46.31

46.69

47.07

47.44

47.82

48.20

48.57

48.94

49.32

49.69

50.06

50.43

50.80

51.17

51.53

51.90

52.27

52.63

52.99

53.35

53.72

54.08

54.44

54.79

37.83

38.23

38.64

39.04

39.44

39.84

40.24

40.64

41.04

41.43

41.83

42.22

42.61

43.00

43.39

43.78

44.17

44.56

44.94

45.33

45.71

46.09

46.47

46.85

47.23

47.61

47.99

48.36

48.74

49.11

49.49

49.86

50.23

50.60

50.97

51.34

51.70

52.07

52.44

52.80

53.16

53.52

53.89

54.25

54.61

54.96

55.32

38.43

38.84

39.24

39.64

40.04

40.44

40.84

41.24

41.63

42.03

42.42

42.81

43.20

43.59

43.98

44.37

44.76

45.14

45.53

45.91

46.29

46.67

47.05

47.43

47.81

48.19

48.56

48.94

49.31

49.68

50.05

50.42

50.79

51.16

51.53

51.90

52.26

52.63

52.99

53.35

53.71

54.08

54.44

54.79

55.15

55.51

55.87

39.05

39.46

39.86

40.26

40.66

41.05

41.45

41.85

42.24

42.63

43.03

43.42

43.81

44.19

44.58

44.97

45.35

45.74

46.12

46.50

46.88

47.26

47.64

48.02

48.39

48.77

49.14

49.52

49.89

50.26

50.63

51.00

51.37

51.73

52.10

52.46

52.83

53.19

53.55

53.92

54.28

54.64

54.99

55.35

55.71

56.06

56.42

39.69

40.09

40.49

40.89

41.29

41.69

42.08

42.48

42.87

43.26

43.65

44.04

44.43

44.81

45.20

45.58

45.97

46.35

46.73

47.11

47.49

47.87

48.25

48.62

49.00

49.37

49.74

50.11

50.49

50.85

51.22

51.59

51.96

52.32

52.69

53.05

53.41

53.78

54.14

54.50

54.86

55.21

55.57

55.93

56.28

56.64

56.99

40.35

40.74

41.14

41.54

41.93

42.33

42.72

43.11

43.50

43.89

44.28

44.67

45.06

45.44

45.83

46.21

46.59

46.97

47.35

47.73

48.11

48.48

48.86

49.23

49.60

49.98

50.35

50.72

51.09

51.45

51.82

52.19

52.55

52.92

53.28

53.64

54.00

54.36

54.72

55.08

55.44

55.79

56.15

56.50

56.86

57.21

57.56

41.01

41.41

41.81

42.20

42.60

42.99

43.38

43.77

44.16

44.55

44.93

45.32

45.70

46.09

46.47

46.85

47.23

47.61

47.99

48.36

48.74

49.11

49.49

49.86

50.23

50.60

50.97

51.34

51.71

52.07

52.44

52.80

53.17

53.53

53.89

54.25

54.61

54.97

55.33

55.68

56.04

56.39

56.75

57.10

57.45

57.80

58.15

41.70

42.09

42.49

42.88

43.27

43.66

44.05

44.44

44.82

45.21

45.59

45.98

46.36

46.74

47.12

47.50

47.88

48.26

48.63

49.01

49.38

49.75

50.13

50.50

50.87

51.24

51.60

51.97

52.34

52.70

53.06

53.43

53.79

54.15

54.51

54.87

55.23

55.58

55.94

56.29

56.65

57.00

57.35

57.71

58.06

58.41

58.75

42.39

42.78

43.18

43.57

43.96

4434

44.73

45.12

45.50

45.89

46.27

46.65

47.03

47.41

47.79

48.17

48.54

48.92

49.29

49.66

50.04

50.41

50.78

51.15

51.51

51.88

52.25

52.61

52.98

53.34

53.70

54.06

54.42

54.78

55.14

55.50

55.85

56.21

56.56

56.92

57.27

57.62

57.97

58.32

58.67

59.02

59.37

43.10

43.49

43.88

44.26

44.65

45.04

45.42

45.81

46.19

46.57

46.95

47.33

47.71

48.09

48.46

48.84

49.21

49.59

49.96

50.33

50.70

51.07

51.44

51.81

52.17

52.54

52.90

53.27

53.63

53.99

54.35

54.71

55.07

55.43

55.78

56.14

56.49

56.85

57.20

57.55

57.90

58.25

58.60

58.95

59.29

59.64

59.98



Density
glcc

Temperature
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15

20

25

30
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75
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95

100

1.240

1.242|

1.244

1.246|

1.248

1.250

1.252

1.254

1.256

1.258

1.260

1.262

1.264

1.266

1.268,

1.270

1.272|

1.274

1.276|

1.278

1.280

1.282

1.284

1.286

1.288

1.290

1.292

1.294

1.296|

1.298

1.300

1.302

1.304

1.306

1.308,

1.310

1.312

1.314

1.316|

1.318

1.320

1.322

1.324

1.326

1.328

1.330

1.332

50.39

50.75

51.11

51.46

51.82

52.17

52.52

52.88

53.23

53.58

53.93

54.28

54.63

54.97

55.32

55.67

56.01

56.36

56.70

57.05

57.39

57.73

58.07

58.41

58.75

59.09

59.43

59.76

60.10

60.44

60.77

61.11

61.44

61.77

62.10

62.44

62.77

63.10

63.43

63.75

64.08

64.41

64.73

65.06

65.38

65.71

66.03

50.73

51.09

51.44

51.80

52.16

52.51

52.87

53.22

53.57

53.93

54.28

54.63

54.98

55.33

55.68

56.03

56.37

56.72

57.06

57.41

57.75

58.10

58.44

58.78

59.12

59.47

59.81

60.14

60.48

60.82

61.16

61.49

61.83

62.16

62.50

62.83

63.16

63.50

63.83

64.16

64.49

64.82

65.14

65.47

65.80

66.12

66.45

51.07

51.44

51.79

52.15

52.51

52.87

53.23

53.58

53.94

54.29

54.65

55.00

55.35

55.70

56.05

56.40

56.75

57.10

57.45

57.80

58.14

58.49

58.84

59.18

59.52

59.87

60.21

60.55

60.89

61.23

61.57

61.91

62.24

62.58

62.91

63.25

63.58

63.92

64.25

64.58

64.91

65.24

65.57

65.90

66.23

66.55

66.88

51.46

51.82

52.18

52.54

52.90

53.27

53.63

53.98

54.34

54.70

55.06

55.41

55.77

56.12

56.48

56.83

57.18

57.53

57.88

58.23

58.58

58.93

59.28

59.62

59.97

60.31

60.66

61.00

61.34

61.68

62.03

62.37

62.70

63.04

63.38

63.72

64.05

64.39

64.72

65.05

65.39

65.72

66.05

66.38

66.70

67.03

67.36

51.88

52.24

52.60

52.95

53.31

53.67

54.02

54.37

54.73

55.08

55.43

55.78

56.13

56.48

56.82

57.17

57.52

57.86

58.21

58.55

58.89

59.24

59.58

59.92

60.26

60.60

60.94

61.27

61.61

61.95

62.28

62.62

62.95

63.28

63.62

63.95

64.28

64.61

64.94

65.27

65.60

65.93

66.25

66.58

66.91

67.23

67.56

52.30

52.66

53.02

53.37

53.73

54.09

54.44

54.79

55.15

55.50

55.85

56.20

56.55

56.90

57.25

57.59

57.94

58.28

58.63

58.97

59.32

59.66

60.00

60.34

60.68

61.02

61.36

61.70

62.03

62.37

62.70

63.04

63.37

63.71

64.04

64.37

64.70

65.03

65.36

65.69

66.02

66.35

66.67

67.00

67.33

67.65

67.97

52.73

53.09

53.45

53.81

54.16

54.52

54.87

55.23

55.58

55.93

56.28

56.63

56.98

57.33

57.68

58.03

58.37

58.72

59.06

59.40

59.75

60.09

60.43

60.77

61.11

61.45

61.79

62.13

62.46

62.80

63.13

63.47

63.80

64.14

64.47

64.80

65.13

65.46

65.79

66.12

66.45

66.77

67.10

67.43

67.75

68.08

68.40

53.18

53.54

53.90

54.26

54.61

54.97

55.32

55.68

56.03

56.38

56.73

57.08

57.43

57.78

58.13

58.48

58.82

59.17

59.51

59.86

60.20

60.54

60.88

61.22

61.56

61.90

62.24

62.58

62.92

63.25

63.59

63.92

64.26

64.59

64.92

65.25

65.58

65.91

66.24

66.57

66.90

67.23

67.55

67.88

68.20

68.53

68.85

53.65

54.01

54.37

54.72

55.08

55.44

55.79

56.14

56.50

56.85

57.20

57.55

57.90

58.25

58.59

58.94

59.29

59.63

59.98

60.32

60.66

61.00

61.34

61.69

62.02

62.36

62.70

63.04

63.37

63.71

64.04

64.38

64.71

65.04

65.38

65.71

66.04

66.37

66.70

67.02

67.35

67.68

68.00

68.33

68.65

68.98

69.30

54.14

54.50

54.86

55.21

55.57

55.92

56.28

56.63

56.98

57.33

57.68

58.03

58.38

58.73

59.07

59.42

59.76

60.11

60.45

60.80

61.14

61.48

61.82

62.16

62.50

62.83

63.17

63.51

63.84

64.18

64.51

64.85

65.18

65.51

65.84

66.17

66.50

66.83

67.16

67.48

67.81

68.14

68.46

68.79

69.11

69.43

69.76

54.64

55.00

55.35

55.71

56.06

56.42

56.77

57.12

57.47

57.83

58.17

58.52

58.87

59.22

59.56

59.91

60.25

60.60

60.94

61.28

61.62

61.96

62.30

62.64

62.98

63.32

63.65

63.99

64.32

64.66

64.99

65.33

65.66

65.99

66.32

66.65

66.98

67.31

67.63

67.96

68.29

68.61

68.94

69.26

69.58

69.91

70.23

55.15

55.51

55.86

56.22

56.57

56.93

57.28

57.63

57.98

58.33

58.68

59.03

59.37

59.72

60.06

60.41

60.75

61.10

61.44

61.78

62.12

62.46

62.80

63.14

63.47

63.81

64.15

64.48

64.81

65.15

65.48

65.81

66.14

66.47

66.80

67.13

67.46

67.79

68.12

68.44

68.77

69.09

69.42

69.74

70.06

70.38

70.71

55.68

56.03

56.39

56.74

57.10

57.45

57.80

58.15

58.50

58.85

59.20

59.54

59.89

60.24

60.58

60.92

61.27

61.61

61.95

62.29

62.63

62.97

63.31

63.65

63.98

64.32

64.65

64.99

65.32

65.65

65.99

66.32

66.65

66.98

67.31

67.64

67.96

68.29

68.62

68.94

69.27

69.59

69.91

70.24

70.56

70.88

71.20

56.22

56.58

56.93

57.28

57.63

57.98

58.33

58.68

59.03

59.38

59.73

60.07

60.42

60.76

61.10

61.45

61.79

62.13

62.47

62.81

63.15

63.49

63.82

64.16

64.49

64.83

65.16

65.50

65.83

66.16

66.49

66.82

67.15

67.48

67.81

68.14

68.46

68.79

69.11

69.44

69.76

70.09

70.41

70.73

71.05

71.37

71.69

56.77

57.12

57.48

57.83

58.18

58.53

58.88

59.22

59.57

59.92

60.26

60.61

60.95

61.29

61.64

61.98

62.32

62.66

63.00

63.33

63.67

64.01

64.34

64.68

65.01

65.35

65.68

66.01

66.34

66.67

67.00

67.33

67.66

67.99

68.32

68.64

68.97

69.30

69.62

69.94

70.27

70.59

70.91

71.23

71.55

71.88

72.19

57.34

57.69

58.04

58.39

58.74

59.09

59.44

59.78

60.13

60.47

60.82

61.16

61.50

61.84

62.19

62.53

62.86

63.20

63.54

63.88

64.21

64.55

64.88

65.22

65.55

65.88

66.21

66.54

66.88

67.20

67.53

67.86

68.19

68.52

68.84

69.17

69.49

69.82

70.14

70.46

70.78

71.11

71.43

71.75

72.07

72.39

72.70

57.91

58.26

58.61

58.96

59.31

59.66

60.00

60.35

60.69

61.03

61.38

61.72

62.06

62.40

62.74

63.08

63.42

63.75

64.09

64.42

64.76

65.09

65.43

65.76

66.09

66.42

66.75

67.08

67.41

67.74

68.07

68.39

68.72

69.05

69.37

69.70

70.02

70.34

70.66

70.99

71.31

71.63

71.95

72.27

72.58

72.90

73.22

58.50

58.85

59.20

59.55

59.89

60.24

60.58

60.93

61.27

61.61

61.95

62.29

62.63

62.97

63.31

63.64

63.98

64.32

64.65

64.98

65.32

65.65

65.98

66.31

66.64

66.97

67.30

67.63

67.95

68.28

68.61

68.93

69.26

69.58

69.90

70.23

70.55

70.87

71.19

7151

71.83

72.15

72.46

72.78

73.10

73.41

73.73

59.10

59.45

59.80

60.14

60.48

60.83

61.17

61.51

61.85

62.19

62.53

62.87

63.21

63.54

63.88

64.22

64.55

64.88

65.22

65.55

65.88

66.21

66.54

66.87

67.19

67.52

67.85

68.17

68.50

68.82

69.15

69.47

69.79

70.11

70.43

70.75

71.07

71.39

71.71

72.02

72.34

72.66

72.97

73.29

73.60

73.91

74.22

59.71

60.06

60.40

60.74

61.09

61.43

61.77

62.11

62.45

62.78

63.12

63.46

63.79

64.13

64.46

64.79

65.12

65.46

65.79

66.12

66.44

66.77

67.10

67.42

67.75

68.07

68.40

68.72

69.04

69.36

69.68

70.00

70.32

70.64

70.96

71.27

71.59

71.90

72.22

72.53

72.84

73.15

73.46

73.77

74.08

74.39

74.70

60.33
60.67
61.01
61.35
61.70
62.03
62.37
62.71
63.05
63.38
63.72
64.05
64.38
64.71
65.04
65.37
65.70
66.03
66.36
66.68
67.01
67.33
67.66
67.98
68.30
68.62
68.94
69.26
69.58
69.89
70.21
70.52
70.84
71.15
71.46
71.77
72.09
72.40
72.70
73.01
73.32
73.63
73.93
74.24
74.54
74.84

75.15
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Density
glcc

Temperature

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

1.334
1.336
1.338
1.340
1.342
1.344
1.346)
1.348
1.350
1.352
1.354
1.356
1.358
1.360
1.362
1.364
1.366
1.368,
1.370
1.372
1.374
1.376|
1.378
1.380
1.382
1.384
1.386
1.388
1.390
1.392
1.394
1.396
1.398
1.400
1.402
1.404
1.406
1.408
1.410
1.412
1.414
1.416)
1.418
1.420
1.422|
1.424

1.426|

22

66.35

66.67

67.00

67.32

67.63

67.95

68.27

68.59

68.90

69.22

69.53

69.85

70.16

70.47

70.78

71.09

71.40

71.71

72.02

72.33

72.64

72.94

73.25

73.55

73.85

74.16

74.46

74.76

75.06

75.36

75.65

75.95

76.25

76.54

76.84

77.13

77.42

77.71

78.00

78.29

78.58

78.87

79.16

79.44

79.73

80.01

80.29

66.77

67.10

67.42

67.74

68.06

68.38

68.70

69.02

69.34

69.65

69.97

70.28

70.60

70.91

71.22

71.54

71.85

72.16

72.47

72.77

73.08

73.39

73.69

74.00

74.30

74.60

74.90

75.20

75.50

75.80

76.10

76.39

76.69

76.98

77.28

77.57

77.86

78.15

78.44

78.73

79.01

79.30

79.58

79.86

80.15

80.43

80.70

67.20

67.53

67.85

68.17

68.50

68.82

69.14

69.45

69.77

70.09

70.40

70.72

71.03

71.35

71.66

71.97

72.28

72.59

72.90

73.20

73.51

73.82

74.12

74.42

74.72

75.02

75.32

75.62

75.92

76.22

76.51

76.80

77.10

77.39

77.68

77.97

78.25

78.54

78.83

79.11

79.39

79.67

79.95

80.23

80.51

80.78

81.06

67.68

68.01

68.33

68.65

68.97

69.29

69.61

69.93

70.25

70.56

70.88

71.19

71.50

71.82

72.13

72.44

72.74

73.05

73.36

73.66

73.96

74.27

7457

74.87

75.16

75.46

75.76

76.05

76.35

76.64

76.93

77.22

77.50

77.79

78.08

78.36

78.64

78.92

79.20

79.48

79.75

80.03

80.30

80.57

80.84

81.11

81.38

67.88

68.20

68.53

68.85

69.17

69.49

69.81

70.13

70.45

70.77

71.08

71.40

71.72

72.03

72.35

72.66

72.98

73.29

73.60

73.91

74.23

74.54

74.85

75.16

75.47

75.77

76.08

76.39

76.70

77.00

77.31

77.62

77.92

78.23

78.53

78.83

79.14

79.44

79.74

80.04

80.34

80.64

80.94

81.24

81.54

81.84

82.14

68.30

68.62

68.94

69.26

69.59

69.91

70.23

70.55

70.86

71.18

71.50

71.82

72.13

72.45

72.76

73.08

73.39

73.70

74.02

74.33

74.64

74.95

75.26

75.57

75.88

76.19

76.49

76.80

77.11

77.41

77.72

78.03

78.33

78.63

78.94

79.24

79.54

79.85

80.15

80.45

80.75

81.05

81.35

81.65

81.94

82.24

82.54

68.72

69.05

69.37

69.69

70.01

70.33

70.65

70.97

71.29

71.61

71.92

72.24

72.55

72.87

73.18

73.50

73.81

74.12

74.44

74.75

75.06

75.37

75.68

75.99

76.30

76.60

76.91

77.22

77.52

77.83

78.13

78.44

78.74

79.05

79.35

79.65

79.95

80.25

80.56

80.86

81.16

81.45

81.75

82.05

82.35

82.65

82.94

69.17

69.50

69.82

70.14

70.46

70.78

71.10

71.42

71.73

72.05

72.37

72.68

73.00

73.31

73.63

73.94

74.25

74.56

74.88

75.19

75.50

75.81

76.11

76.42

76.73

77.04

77.34

77.65

77.95

78.26

78.56

78.87

79.17

79.47

79.77

80.07

80.37

80.67

80.97

81.27

81.57

81.87

82.16

82.46

82.76

83.05

83.35

69.62

69.95

70.27

70.59

70.91

71.22

71.54

71.86

72.18

72.49

72.81

73.12

73.44

73.75

74.07

74.38

74.69

75.00

75.31

75.62

75.93

76.24

76.55

76.85

77.16

77.47

77.77

78.08

78.38

78.68

78.99

79.29

79.59

79.89

80.19

80.49

80.79

81.09

81.39

81.68

81.98

82.28

82.57

82.87

83.16

83.46

83.75

70.08

70.40

70.72

71.04

71.36

71.68

71.99

72.31

72.63

72.94

73.26

73.57

73.89

74.20

74.51

74.82

75.13

75.44

75.75

76.06

76.37

76.68

76.99

77.29

77.60

77.91

78.21

78.52

78.82

79.12

79.43

79.73

80.03

80.33

80.63

80.93

81.23

81.53

81.82

82.12

82.42

82.71

83.01

83.30

83.60

83.89

84.19

70.55

70.87

71.19

71.51

71.83

72.14

72.46

72.78

73.09

73.41

73.72

74.04

74.35

74.66

74.97

75.29

75.60

75.91

76.22

76.52

76.83

77.14

77.45

77.75

78.06

78.36

78.67

78.97

79.27

79.58

79.88

80.18

80.48

80.78

81.08

81.38

81.68

81.97

82.27

82.57

82.86

83.16

83.45

83.75

84.04

84.33

84.62

71.03

71.35

71.67

71.98

72.30

72.62

72.94

73.25

73.57

73.88

74.20

74.51

74.82

75.13

75.45

75.76

76.07

76.38

76.69

77.00

77.30

77.61

77.92

78.22

78.53

78.83

79.14

79.44

79.74

80.05

80.35

80.65

80.95

81.25

81.55

81.85

82.15

82.45

82.74

83.04

83.34

83.63

83.93

84.22

84.52

84.81

85.10

71.52

71.84

72.16

72.48

72.80

73.11

73.43

73.74

74.06

74.37

74.69

75.00

75.31

75.62

75.93

76.25

76.56

76.86

77.17

77.48

77.79

78.10

78.40

78.71

79.01

79.32

79.62

79.93

80.23

80.53

80.83

81.13

81.43

81.73

82.03

82.33

82.63

82.93

83.23

83.52

83.82

84.12

84.41

84.71

85.00

85.29

85.59

72.01

72.33

72.65

72.97

73.28

73.60

73.92

74.23

74.55

74.86

75.17

75.49

75.80

76.11

76.42

76.73

77.04

77.35

77.66

77.97

78.27

78.58

78.89

79.19

79.50

79.80

80.11

80.41

80.71

81.01

81.32

81.62

81.92

82.22

82.52

82.82

83.12

83.41

83.71

84.01

84.31

84.60

84.90

85.19

85.49

85.78

86.08

72.51

72.83

73.15

73.47

73.78

74.10

74.41

74.73

75.04

75.36

75.67

75.98

76.29

76.61

76.92

77.23

77.54

77.85

78.15

78.46

78.77

79.08

79.38

79.69

79.99

80.30

80.60

80.91

81.21

81.51

81.82

82.12

82.42

82.72

83.02

83.32

83.62

83.92

84.22

84.51

84.81

85.11

85.41

85.70

86.00

86.29

86.59

73.02

73.34

73.66

73.97

74.29

74.60

74.92

75.23

75.54

75.86

76.17

76.48

76.79

77.10

77.41

77.72

78.03

78.34

78.65

78.96

79.26

79.57

79.87

80.18

80.49

80.79

81.09

81.40

81.70

82.00

82.30

82.61

82.91

83.21

83.51

83.81

84.11

84.41

84.71

85.00

85.30

85.60

85.89

86.19

86.49

86.78

87.08

73.54

73.85

74.17

74.48

74.80

75.11

75.42

75.74

76.05

76.36

76.67

76.98

77.29

77.60

77.91

78.22

78.52

78.83

79.14

79.44

79.75

80.05

80.36

80.66

80.97

81.27

81.57

81.87

82.18

82.48

82.78

83.08

83.38

83.68

83.98

84.27

84.57

84.87

85.17

85.46

85.76

86.06

86.35

86.65

86.94

87.23

87.53

74.04

74.36

74.67

74.98

75.29

75.61

75.92

76.23

76.54

76.85

77.16

77.46

77.77

78.08

78.39

78.69

79.00

79.30

79.61

79.91

80.21

80.52

80.82

81.12

81.42

81.72

82.02

82.32

82.62

82.92

83.22

83.52

83.81

84.11

84.41

84.70

85.00

85.29

85.59

85.88

86.18

86.47

86.76

87.06

87.35

87.64

87.93

74.54

74.85

75.16

75.47

75.78

76.08

76.39

76.70

77.01

77.31

77.62

77.92

78.23

78.53

78.83

79.14

79.44

79.74

80.04

80.34

80.64

80.94

81.24

81.54

81.83

82.13

82.43

82.72

83.02

83.32

83.61

83.90

84.20

84.49

84.78

85.08

85.37

85.66

85.95

86.24

86.53

86.82

87.11

87.40

87.69

87.98

88.27

75.01

75.32

75.62

75.93

76.23

76.54

76.84

77.14

77.44

77.74

78.04

78.34

78.64

78.94

79.24

79.54

79.84

80.13

80.43

80.72

81.02

81.31

81.61

81.90

82.19

82.48

82.77

83.06

83.36

83.65

83.93

84.22

84.51

84.80

85.09

85.38

85.66

85.95

86.23

86.52

86.81

87.09

87.38

87.66

87.94

88.23

88.51

75.45

75.75

76.05

76.35

76.65

76.94

77.24

77.54

77.83

78.13

78.42

78.72

79.01

79.30

79.59

79.88

80.17

80.46

80.75

81.04

81.33

81.62

81.90

82.19

82.47

82.76

83.04

83.33

83.61

83.90

84.18

84.46

84.74

85.02

85.31

85.59

85.87

86.15

86.43

86.71

86.99

87.27

87.55

87.83

88.10

88.38

88.66



Density
glcc

Temperature

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

920

95

100

1.428

1.430

1.432

1.434

1.436

1.438

1.440

1.442|

1.444

1.446

1.448

1.450

1.452

1.454

1.456

1.458

1.460

1.462

1.464

1.466)

1.468

1.470

1.472|

1.474

1.476|

1.478

1.480

1.482

1.484

1.486

1.488

1.490

1.492

1.494

1.496

1.498

1.500

1.502

1.504

1.506

1.508

1.510

1.512

1.514

1.516

1.518

1.520

80.58

80.86

81.14

81.41

81.69

81.97

82.24

82.52

82.79

83.06

83.33

83.60

83.87

84.14

84.41

84.67

84.94

85.20

85.46

85.72

85.98

86.24

86.50

86.75

87.01

87.26

87.51

87.76

88.01

88.26

88.50

88.75

88.99

89.23

89.47

89.71

89.95

90.19

90.42

90.66

90.89

91.12

91.35

91.57

91.80

92.02

92.25

80.98

81.26

81.53

81.81

82.08

82.35

82.62

82.89

83.16

83.43

83.69

83.95

84.21

84.47

84.73

84.99

85.25

85.50

85.75

86.00

86.25

86.50

86.75

86.99

87.23

87.48

87.71

87.95

88.19

88.42

88.65

88.88

89.11

89.34

89.56

89.79

90.01

90.23

90.44

90.66

90.87

91.08

91.29

91.50

91.70

91.90

92.10

81.33

81.60

81.87

82.14

82.41

82.67

82.93

83.20

83.46

83.72

83.97

84.23

84.48

84.74

84.99

85.24

85.48

85.73

85.97

86.21

86.45

86.69

86.93

87.16

87.39

87.62

87.85

88.08

88.30

88.53

88.75

88.97

89.18

89.40

89.61

89.82

90.02

90.23

90.43

90.63

90.83

91.03

91.22

91.41

91.60

91.79

91.97

81.64

81.91

82.17

82.43

82.69

82.95

83.20

83.45

83.71

83.96

84.20

84.45

84.70

84.94

85.18

85.42

85.66

85.89

86.12

86.36

86.59

86.81

87.04

87.26

87.48

87.70

87.92

88.13

88.35

88.56

88.77

88.97

89.18

89.38

89.58

89.78

89.97

90.17

90.36

90.55

90.73

90.92

91.10

91.28

91.45

91.63

91.80

82.44

82.73

83.03

83.32

83.62

83.91

84.21

84.50

84.80

85.09

85.38

85.68

85.97

86.26

86.55

86.84

87.13

87.42

87.71

88.00

88.28

88.57

88.86

89.15

89.43

89.72

90.00

90.29

90.57

90.86

91.14

91.43

91.71

91.99

92.27

92.56

92.84

93.12

93.40

93.68

93.96

94.24

94.52

94.80

95.07

95.35

95.63

82.84

83.13

83.43

83.72

84.02

84.31

84.61

84.90

85.19

85.49

85.78

86.07

86.36

86.65

86.94

87.23

87.52

87.81

88.10

88.39

88.67

88.96

89.25

89.53

89.82

90.10

90.39

90.67

90.95

91.24

91.52

91.80

92.09

92.37

92.65

92.93

93.21

93.49

93.77

94.05

94.32

94.60

94.88

95.16

95.43

95.71

95.99

83.24

83.53

83.83

84.12

84.42

84.71

85.00

85.30

85.59

85.88

86.17

86.46

86.75

87.04

87.33

87.62

87.91

88.19

88.48

88.77

89.05

89.34

89.62

89.91

90.19

90.48

90.76

91.04

91.32

91.61

91.89

92.17

92.45

92.73

93.01

93.28

93.56

93.84

94.12

94.40

94.67

94.95

95.22

95.50

95.77

96.05

96.32

83.64

83.93

84.23

84.52

84.81

85.10

85.39

85.68

85.97

86.26

86.55

86.84

87.13

87.42

87.70

87.99

88.27

88.56

88.84

89.13

89.41

89.69

89.97

90.26

90.54

90.82

91.10

91.38

91.66

91.94

92.21

92.49

92.77

93.04

93.32

93.60

93.87

94.15

94.42

94.69

94.96

95.24

95.51

95.78

96.05

96.32

96.59

84.04

84.33

84.63

84.92

85.21

85.50

85.79

86.07

86.36

86.65

86.94

87.22

87.51

87.79

88.08

88.36

88.64

88.93

89.21

89.49

89.77

90.05

90.33

90.61

90.89

91.17

91.45

91.72

92.00

92.28

92.55

92.83

93.10

93.37

93.65

93.92

94.19

94.46

94.73

95.00

95.27

95.54

95.81

96.08

96.34

96.61

96.88

84.48

84.77

85.06

85.35

85.64

85.93

86.22

86.51

86.80

87.08

87.37

87.66

87.94

88.23

88.51

88.80

89.08

89.36

89.65

89.93

90.21

90.49

90.77

91.05

91.33

91.60

91.88

92.16

92.44

92.71

92.99

93.26

93.54

93.81

94.08

94.35

94.63

94.90

95.17

95.44

95.71

95.98

96.24

96.51

96.78

97.04

97.31

84.92

85.21

85.50

85.79

86.08

86.36

86.65

86.94

87.23

87.51

87.80

88.08

88.37

88.65

88.93

89.22

89.50

89.78

90.06

90.34

90.62

90.90

91.18

91.45

91.73

92.01

92.28

92.56

92.83

93.10

93.38

93.65

93.92

94.19

94.46

94.73

95.00

95.27

95.54

95.80

96.07

96.33

96.60

96.86

97.13

97.39

97.65

85.40

85.69

85.98

86.27

86.56

86.85

87.14

87.43

87.72

88.00

88.29

88.58

88.86

89.15

89.43

89.72

90.00

90.29

90.57

90.85

91.13

91.41

91.70

91.98

92.26

92.53

92.81

93.09

93.37

93.65

93.92

94.20

94.47

94.75

95.02

95.30

95.57

95.84

96.12

96.39

96.66

96.93

97.20

97.47

97.74

98.01

98.28

85.88

86.17

86.46

86.76

87.05

87.34

87.63

87.92

88.20

88.49

88.78

89.07

89.35

89.64

89.93

90.21

90.50

90.78

91.06

91.35

91.63

91.91

92.20

92.48

92.76

93.04

93.32

93.60

93.88

94.16

94.44

94.71

94.99

95.27

95.55

95.82

96.10

96.37

96.65

96.92

97.20

97.47

97.74

98.02

98.29

98.56

98.83

86.37

86.66

86.95

87.24

87.54

87.83

88.12

88.41

88.70

88.98

89.27

89.56

89.85

90.13

90.42

90.71

90.99

91.28

91.56

91.84

92.13

92.41

92.69

92.97

93.26

93.54

93.82

94.10

94.38

94.65

94.93

95.21

95.49

95.77

96.04

96.32

96.59

96.87

97.14

97.42

97.69

97.96

98.24

98.51

98.78

99.05

99.32

86.88

87.17

87.47

87.76

88.05

88.34

88.63

88.92

89.21

89.50

89.79

90.08

90.37

90.66

90.95

91.23

91.52

91.80

92.09

92.37

92.66

92.94

93.23

93.51

93.79

94.07

94.35

94.64

94.92

95.20

95.48

95.75

96.03

96.31

96.59

96.86

97.14

97.42

97.69

97.97

98.24

98.51

98.79

99.06

99.33

99.60

99.87

87.37

87.67

87.96

88.25

88.55

88.84

89.13

89.42

89.71

90.01

90.30

90.59

90.88

91.17

91.45

91.74

92.03

92.32

92.61

92.89

93.18

93.47

93.75

94.04

94.32

94.61

94.89

95.18

95.46

95.74

96.03

96.31

96.59

96.87

97.15

97.43

97.71

97.99

98.27

98.55

98.83

99.11

99.39

99.67

99.94

87.82

88.11

88.41

88.70

88.99

89.28

89.57

89.86

90.15

90.44

90.73

91.02

91.31

91.60

91.88

92.17

92.46

92.74

93.03

93.32

93.60

93.89

94.17

94.45

94.74

95.02

95.30

95.59

95.87

96.15

96.43

96.71

97.00

97.28

97.56

97.84

98.12

98.40

98.67

98.95

99.23

99.51

99.79

88.22

88.51

88.80

89.09

89.38

89.67

89.96

90.25

90.54

90.82

91.11

91.40

91.68

91.97

92.26

92.54

92.83

93.11

93.40

93.68

93.96

94.25

94.53

94.81

95.09

95.38

95.66

95.94

96.22

96.50

96.78

97.06

97.34

97.62

97.90

98.18

98.46

98.73

99.01

99.29

99.57

99.85

88.55

88.84

89.13

89.41

89.70

89.99

90.27

90.56

90.84

91.13

91.41

91.69

91.98

92.26

92.54

92.83

93.11

93.39

93.67

93.96

94.24

94.52

94.80

95.08

95.36

95.64

95.92

96.20

96.49

96.77

97.05

97.33

97.61

97.89

98.16

98.44

98.72

99.00

99.28

99.56

99.84

88.79

89.08

89.36

89.64

89.92

90.21

90.49

90.77

91.05

91.33

91.61

91.90

92.18

92.46

92.74

93.02

93.30

93.58

93.86

94.14

94.42

94.70

94.98

95.27

95.55

95.83

96.11

96.39

96.67

96.96

97.24

97.52

97.80

98.09

98.37

98.65

98.94

99.22

99.51

99.79

88.94
89.22
89.50
89.78
90.05
90.33
90.61
90.89
91.17
91.45
91.73
92.01
92.29
92.57
92.85
93.13
93.41
93.69
93.97
94.25
94.54
94.82
95.11
95.39
95.68
95.96
96.25
96.54
96.82
97.11
97.40
97.69
97.99
98.28
98.57
98.87
99.17
99.46

99.76
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Density
glcc

Temperature

0

5

10

15

20

25

30

35

40

45

50

55

60 65 70

75 80 85

90 95 100

1.522
1.524
1.526
1.528
1.530
1.532
1.534
1.536
1.538
1.540
1.542
1.544
1.546
1.548
1.550
1.552
1.554
1.556
1.558
1.560
1.562
1.564
1.566
1.568
1.570
1.572
1.574
1.576|
1.578
1.580
1.582
1.584
1.586
1.588
1.590

1.592

24

92.47

92.69

92.90

93.12

93.33

93.54

93.76

93.96

94.17

94.38

94.58

94.78

94.98

95.18

95.38

95.57

95.76

95.95

96.14

96.33

96.51

96.69

96.87

97.05

97.23

97.40

97.57

97.74

97.91

98.08

98.24

98.40

98.56

98.71

98.87

99.02

92.30

92.50

92.69

92.88

93.07

93.25

93.44

93.62

93.80

93.97

94.15

94.32

94.48

94.65

94.81

94.97

95.13

95.29

95.44

95.59

95.73

95.88

96.02

96.16

96.29

96.42

96.55

96.68

96.80

96.92

97.03

97.15

97.25

97.36

97.46

97.56

92.15

92.33

92.51

92.68

92.85

93.02

93.19

93.35

93.51

93.66

93.82

93.97

94.12

94.26

94.41

94.55

94.68

94.82

94.95

95.08

95.20

95.32

95.44

95.55

95.66

95.77

95.88

95.98

96.08

96.17

96.26

96.35

96.43

96.51

96.59

96.66

91.97

92.13

92.30

92.46

92.62

92.78

92.93

93.08

93.23

93.37

93.52

93.66

93.80

93.93

94.06

94.19

94.32

94.44

94.56

94.68

94.80

94.91

95.02

95.12

95.23

95.33

95.42

95.52

95.61

95.70

95.78

95.86

95.94

96.02

96.09

96.16

95.91

96.18

96.46

96.74

97.01

97.29

97.56

97.84

98.11

98.38

98.66

98.93

99.20

99.47

99.75

96.26

96.54

96.81

97.09

97.36

97.63

97.90

98.18

98.45

98.72

98.99

99.26

99.53

99.80

96.59

96.87

97.14

97.41

97.68

97.95

98.22

98.49

98.76

99.03

99.30

99.56

99.83

96.86

97.13

97.40

97.66

97.93

98.20

98.46

98.73

98.99

99.26

99.52

99.78

97.14

97.41

97.67

97.93

98.20

98.46

98.72

98.98

99.24

99.50

99.76

97.57

97.84

98.10

98.37

98.63

98.89

99.15

99.41

99.67

99.93

97.91

98.17

98.43

98.69

98.95

99.21

99.47

99.72

99.98

98.55

98.81

99.08

99.35

99.61

99.88

99.10 99.59 -

99.37 99.86 -

99.64 - -

99.91 - -



Appendix 2 Density of water as a function of temperature

Temperature in Density in Temperature in Density in

°C °F kg/m? Ib/ft 3 °C °F kg/m? Ib/ft 3

0 32 999.8396 62.41999 25 77 997.0468 62.24563
0.5 32.9 999.8712 62.42197 255 77.9 996.9176 62.23757
1 33.8 999.8986 62.42367 26 78.8 996.7861 62.22936
15 34.7 999.9213 62.42509 26.5 79.7 996.6521 62.22099
2 35.6 999.9399 62.42625 27 80.6 996.5159 62.21249
25 36.5 999.9542 62.42714 275 81.5 996.3774 62.20384
3 374 999.9642 62.42777 28 82.4 996.2368 62.19507
35 38.3 999.9701 62.42814 28.5 83.3 996.0939 62.18614
4 39.2 999.9720 62.42825 29 84.2 995.9487 62.17708
45 40.1 999.9699 62.42812 295 85.1 995.8013 62.16788
5 41 999.9638 62.42774 30 86 995.6518 62.15855
5.5 41.9 999.9540 62.42713 30.5 86.9 995.5001 62.14907
6 42.8 999.9402 62.42627 31 87.8 995.3462 62.13947
6.5 437 999.9227 62.42517 315 88.7 995.1903 62.12973
7 44.6 999.9016 62.42386 32 89.6 995.0322 62.11986
7.5 455 999.8766 62.42230 325 90.5 994.8721 62.10987
8 46.4 999.8482 62.42053 33 91.4 994.7100 62.09975
8.5 47.3 999.8162 62.4185 335 92.3 994.5458 62.08950
9 48.2 999.7808 62.41632 34 93.2 994.3796 62.07912
9.5 49.1 999.7419 62.41389 345 94.1 994.2113 62.06861
10 50 999.6997 62.41125 35 95 994.0411 62.05799
10.5 50.9 999.6541 62.40840 35.5 95.9 993.8689 62.04724
11 51.8 999.6051 62.40535 36 98.6 993.6948 62.03637
115 52.7 999.5529 62.40209 36.5 97.7 993.5187 62.02537
12 53.6 999.4975 62.39863 37 98.6 993.3406 62.01426
125 54.5 999.4389 62.39497 375 99.5 993.1606 62.00302
13 55.4 999.3772 62.39112 38 100.4 992.9789 61.99168
135 56.3 999.3124 62.38708 38.5 101.3 992.7951 61.98020
14 57.2 999.2446 62.38284 39 102.2 992.6096 61.96862
145 58.1 999.1736 62.37841 39.5 103.1 992.4221 61.95692
15 59 999.0998 62.37380 40 104 992.2329 61.94510
155 59.9 999.0229 62.36901 40.5 104.9 992.0418 61.93317
16 60.8 998.9432 62.36403 41 105.8 991.8489 61.92113
16.5 61.7 998.8607 62.35887 415 106.7 991.6543 61.90898
17 62.6 998.7752 62.35354 42 107.6 991.4578 61.89672
175 63.5 998.6870 62.34803 425 108.5 991.2597 61.88434
18 64.4 998.5960 62.34235 43 109.4 991.0597 61.87186
18.5 65.3 998.5022 62.33650 435 110.3 990.8581 61.85927
19 66.2 998.4058 62.33047 44 111.2 990.6546 61.84657
195 67.1 998.3066 62.32428 445 112.1 990.4494 61.83376
20 68 998.2048 62.31793 45 113 990.2427 61.82085
20.5 68.9 998.1004 62.31141 455 113.9 990.0341 61.80783
21 69.8 997.9934 62.30473 46 114.8 989.8239 61.79471
215 70.7 997.8838 62.29788 46.5 115.7 989.6121 61.78149
22 71.6 997.7716 62.29088 47 116.6 989.3986 61.76816
225 725 997.6569 62.28372 475 117.5 989.1835 61.75473
23 73.4 997.5398 62.27641 48 118.4 988.9668 61.74120
235 74.3 997.4201 62.26894 48.5 119.3 988.7484 61.72756
24 75.2 997.2981 62.26132 49 120.2 988.5285 61.71384
245 76.1 997.1736 62.25355 49.5 121.1 988.3069 61.70000




Temperature in Density in Temperature in Density in

°C °F kg/m?® Ib/ft ® °C °F kg/m?® Ib/ft ®

50 122 988.0839 61.68608 65.5 149.9 980.4432 61.20907
50.5 122.9 987.8592 61.67205 66 150.8 980.1751 61.19233
51 123.8 987.6329 61.65793 66.5 151.7 979.9057 61.17552
51.5 124.7 987.4051 61.64371 67 152.6 979.6351 61.15862
52 125.6 987.1758 61.62939 67.5 153.5 979.3632 61.14165
52.5 126.5 986.9450 61.61498 68 154.4 979.0901 61.12460
53 127.4 986.7127 61.60048 68.5 155.3 978.8159 61.10748
53.5 128.3 986.4788 61.58588 69 156.2 978.5404 61.09028
54 129.2 986.2435 61.57118 69.5 157.1 978.2636 61.07300
54.5 130.1 986.0066 61.55640 70 158 977.9858 61.05566
55 131 985.7684 61.54153 70.5 158.9 977.7068 61.03823
55.5 131.9 985.5287 61.52656 71 159.8 977.4264 61.02074
56 132.8 985.2876 61.51150 715 160.7 977.1450 61.00316
56.5 133.7 985.0450 61.49636 72 161.6 976.8624 60.98552
57 134.6 984.8009 61.48112 725 162.5 976.5786 60.96781
57.5 135.5 984.5555 61.46580 73 163.4 976.2937 60.95002
58 136.4 984.3086 61.45039 735 164.3 976.0076 60.93216
58.5 137.3 984.0604 61.43489 74 165.2 975.7204 60.91423
59 138.2 983.8108 61.41931 74.5 166.1 975.4321 60.89623
59.5 139.1 983.5597 61.40364 75 167 975.1428 60.87816
60 140 983.3072 61.38787 75.5 167.9 974.8522 60.86003
60.5 140.9 983.0535 61.37203 76 168.8 974.5606 60.84182
61 141.8 982.7984 61.35611 76.5 169.7 974.2679 60.82355
61.5 142.7 982.5419 61.34009 77 170.6 973.9741 60.80520
62 143.6 982.2841 61.32400 775 1715 973.6792 60.78680
62.5 144.5 982.0250 61.30783 78 172.4 973.3832 60.76832
63 145.4 981.7646 61.29157 78.5 173.3 973.0862 60.74977
63.5 146.3 981.5029 61.27523 79 174.2 972.7881 60.73116
64 147.2 981.2399 61.25881 79.5 175.1 972.4890 60.71249
64.5 148.1 980.9756 61.24231 80 176 972.1880 60.69375
65 149 980.7099 61.22573
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