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Two sets of high-temperature platinum resistance thermometers of different design have been tested in the
temperature range 0 to 1100 °C. One set was constructed at the National Institute of Metrology, in the People's
Republic of China, and the other at the National Bureau of Standards. The results of the tests provide informa-
tion on long- and short-time thermometer stability, and on other characteristics such as temperature coefficient,
immersion, self-heating effect, electrical leakage, and durability. The results also show that the behavior of the
two sets is similar enough to allow them to be considered as a single set of thermometers, and that the sets
perform as well as, or better than, other sets of thermometers tested earlier. It is expected that this information
will aid in the evaluation of the high-temperature platinum resistance thermometer as an interpolating instrument

for a practical temperature scale up to the gold point.
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practical temperature scale; self-heating effect; stability.

1. Introduction

The high-temperature platinum resistance thermome-
ter has long been advocated as a standard interpolating
instrument for a practical temperature scale up to the
gold point, in place of the standard thermocouple. Ac-
ceptance of the resistance thermometer for this purpose
is likely to come only when sufficient information is
available for careful evaluation of thermometer charac-
teristics and performance as they relate to the definition
of a practical temperature scale.

The experiments and resulis reported here are in-
tended to provide some of the needed information on
the behavior of high-temperature resistance thermome-
ters; specifically on the following characteristics:

1} Long-time stability at high temperature

2) Short-time stability upon temperature cycling
3) Temperature coefficient of resistance

4) Immersion characteristics

About the Author: J. P. Evans is a physicist in the
Temperature and Pressure Division of NBS® Center
for Basic Standards.

5} Heating effect of measuring current

6) Electrical leakage of thermometer supporting
parts

7) Thermometer durability

8) Agreement among thermometers of derived
temperature values.

Another purpose of this paper is to describe some
experimental procedures that have proved useful in
evaluating thermometer performance. The procedures
require little in the way of apparatus beyond what is
needed for routine thermometer measurement, cali-
bration, and conditioning.

A third purpose of this paper is to report on the be-
havior of two sets of high-temperature platinum re-
sistance thermometers from different sources and of dif-
ferent design. One set was constructed at the National
Institute of Metrology (NIM), Beijing, People’s Repub-
lic of China; the thermometers were lent to the National
Bureau of Standards (NBS) for testing. The other set
was constructed at the NBS, Both types of thermome-

ters have been described in the literature [1—6].'

'Figures in brackets indicate the literature references at the end of this
paper.
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2. General Methods and Equipment

The general methods and equipment that were used to
test the thermometers also have been described [3]. The
descriptions are repeated in the following sections for
convenience and completeness; they have been updated,
where necessary, to apply to the lower resistance ther-
mometers that were used in the present experiments.

2.1 Thermometer Heat-treating Furnace

Thermometers are heat-treated in a vertical annealing
furnace capable of reaching 1100 °C. The furnace con-
tains a relatively short cylindrical electrical heater near
the center that heats only the resistor and a short section
(a few centimeters) of adjacent leads to the selected
heating temperature, During heat treatment, the ther-
mometers are inserted into closed-end, silica~glass fur-
nace wells, with the resistors situated in the hottest re-
gion of the furnace. The space between the wells and the
heater contains only air. Six thermometers can be heated
at one time.

The furnace is controlled by a Type B thermocouple
(Pt—30%Rh/Pt—6%Rh), and it is monitored by a
Type S thermocouple (Pt—10%Rh/Pt). A calibrated
test thermometer can also be used for monitoring. The
control system is capable of maintaining the furnace at a
desired temperature within about 2 K, and is also capa-
ble of controlling furnace cooling at a uniform rate of
80 K/h,

For heat treatment, the thermometer sheaths are first
thoroughly cleaned by appropriate means (e.g., acids or
solvents) to remove dirt and fingerprints. The thermom-
eters are then inserted into the furnace described above,
which has been set to control at the desired temperature.
At the end of the heating period, the control system is
set to reduce the furnace temperature at the pro-
grammed rate of 80 K/h so as to avoid quenching in
lattice-site vacancies [7]. When the furnace temperature
reaches about 520 °C, the thermometers are removed.
This procedure avoids the effects of the platinum ox-
idation that could occur if thermometers were allowed
to cool slowly to room temperature [8].

2.2 TFixed Points

The triple point of water is realized in a conventional
sealed glass cell. The ice mantle is prepared using a
special immersion cooler [9] at least 24 h before mea-
surements are to be made, and the cell is stored in an ice
bath, During use, the ice mantle is free to rotate within
the cell, the annulus between the cell well and the ther-
mometer contains an aluminum bushing and water, and

the cell is shielded from ambient radiation. When a ther-
mometer is fully immersed in a triple-point cell, the
bottom tip of its sheath is about 275 mm below the
surface of the liquid water.

The metal freezing points are also realized in sealed
cells, The high-purity metal is contained in a graphite
crucible with a re-entrant graphite well, and the graph-
ite is surrounded by a sealed glass envelope. Before the
cellis sealed, it is evacuated and filled with enough pure
argon to provide a pressure of 1 atm at the freezing
point. The cell is similar to the type 1 cell described by
Furukawa [10].

The freezing points of all the cells have been found to
be sufficiently constant during a single freeze, and suf-
ficiently reproducible from freeze to freeze, to serve the
requirements of thermometer testing. The tin, zinc, and
silver cells contain Standard Reference Material metals
(SRM 741, 740, and 748, respectively) obtained from the
NBS Office of Standard Reference Materials. The mate-
rials are known to be of high purity (less than 1 ppm
total impurity content), and the freezing points of the tin
and zinc cells have been established to be well within
1mK of the freezing points maintained inthe NBS Ther-
mometer Calibration Laboratory, The aluminum cell
contains metal obtained from a commercial supplier
who reported the impurity content to be less than 1 ppm.
The gold cell contains a sample vsed in an earlier cell
[11]. From the results of tests conducted with the earlier
cell, including a comparison with the freezing point of a
sample of known high purity, the freezing point of the
present cell is believed to be within about 10 mK of the
gold point. All of the cells except the gold cell provide
a depth of thermometer immersion, from the top of the
liquid metal to the inside bottom of the graphite well, of
about 17 cm. The immersion in the gold cell is about
15 cm.

The metal freezing-point cells are heated in vertical
electrical furnaces different from the annealing furnace.
These furnaces are similar to those described earlier
f11], but the present furnaces employ only a single long
heating zone, and temperature equalization is achieved
with aluminum cylinders or heat pipes. The tin and zinc
cells are encased in aluminum cylinders located near the
center of the zone; the cylinder walls are about 2 cm
thick. The aluminum, silver, and gold cells are centered
in coaxial heat pipes, about 10 cm 0.d., 5 cmi.d., and
45cmlong, madeof Inconel and containing sodium asthe
working fluid. The cylinders and heat pipes serve to
establish for the cells a uniform temperature environ-
ment that is maintained about 1 K below the freezing
point by control systems during freezing.

The metal freezing points are established by induced
freezing. Except for tin, the molten metals are allowed
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to cool slowly through the supercooled region until
they recalesce. A solid mantle of metal is then induced
on the cell well by inserting a cool rod. For tin, the
freeze is induced in the supercooled metal by blowing
air down the cell well, recalescence being detected by a
thermocouple wrapped around the glass envelope.
Test thermometers are first preheated for about 5 min
in the furnace just above the freezing point cell, and then
measurements at full thermometer immersion are started
after the system has come to thermal equilibrium. Ex-
cept for special tests, the measurement process takes
about 30 min, and at least five thermometers can be
tested in a single freeze at the tin, zinc, and aluminum
points. The gold and silver are remelted after each ther-
mometer test. After testing at the gold, silver, or alumi-
num points, thermometers are placed in the annealing
furnace, held at a temperature near the fixed point for 30
minutes, and then cooled at the programmed rate to
520 °C to anneal out lattice site defects. Following this,
and also afier tin- and zinc-point measurements, the re-
sistance at the triple point of water is determined.

2.3 Electrical Measurements

Measurements of thermometer resistance are made
with an automatic self-balancing bridge [12], and a com-
puter is used to control the operation of the bridge and
record the data. The bridge utilizes square-wave ex-
citation, normally at 30 Hz, though 15 Hz can be se-
lected. It also has provision for selecting thermometer
measuring current of 1, 2, 4, or 8 mA and one of four
resistor input channels. It can resolve resistance to less
than 1 micro-ohm with a linearity of 1 part in 10".

Thermometer resistance is determined from a se-
quence of measurements of both the thermometer and a
relatively stable (20 micro-ohm per year drift) 10-ohm
standard resistor located in a temperature-controlled oil
bath. When a thermometer, carrying a normal mea-
suring current of 4 mA, has come to thermal equilibrium
in a fixed-point cell, 10 readings of its resistance are
recorded. The system then switches to the standard re-
sistor and records 10 readings at the same current. Im-
mediately thereafter, the thermometer is reconnected to
the bridge and the measuring current is doubled. When
the thermometer has come to thermal equilibrium at this
higher current (a period of 3 min is usually allowed),
additional sets of 10 readings are recorded for the ther-
mometer and standard resistor. The entire process takes
about 7 min. From these data, a mean value of the ratio
of thermometer resistance to standard-resistor re-
sistance, extrapolated to zero measuring current, is com-
puted and stored. The computer also calculates the heat-
ing effect of the normal measuring current, and the

estimated standard deviation of the computed mean ra-
tio value. This standard deviation seldom exceeds the
equivalent of 0.2 micro-ohm.

3. Thermometers

The thermometers used in the experiments were in
some ways similar to other high-temperature platinum
resistance thermometers that have been described in re-
cent years [3,5,11]. The temperature sensing resistors
were 1 to 3 cm long and about 0.5 cm in diameter, they
were connected to four platinum leads, and they were
sealed in long (70— 80 cm) silica-glass tubes. Thermom-
eter resistance at 0 °C was small—less than 1 ohm.

In other ways the thermometers were novel. The re-
sistors in the NIM thermometers were of the single-
layer, bifilar helix design, but the support for the resistor
wire consisted of a single notched silica-glass blade,
rather than the customary cross. The NBS thermome-
ters employed newly-designed “toroidal” resistors and
guarded leads. Detailed features of the thermometers
are presented in tables 1 and 2.

The NIM thermometers had been stabilized by heat
treatment, as indicated in table 2, before they were trans-
ported to NBS. Properties of the thermometers mea-
sured at the NIM during the stabilization are shown in
figure 1. Upon their arrival at the NBS the four NIM
thermometers were inspected. It was observed that
three thermometers (18227, 18236, 18237) had bent
sheaths, and that in two of the thermometers (18227 and

Table 1, General features of thermometers.

NIM NBS
Overall length
(including header) 805 mm 885 mm
Header length 85 mm 125 mm
External tube length 720 mm 760 mm
Nominal tube diameter 7 mm 7 mm
Header diameter 20 mm 19 mm
Resistor type Single layer Toroidal
helix (straight wire)
Resistor former Notched silica Notched-end
blade sitica tube
Former length 40 mm 15 mm
Resistor coil length 30 mm 10 mm
Resistor wire diameter 0.4 mm 0.25 mm
Nominal resistance
at0°*C 0.25 ohm 0.37 ohm
Lead insulator type Silica tube Long silica tubes
and disk with internal guard
Lead wire diameter 0.3 mm 0.25 mm
Length of roughened
sheath surface 350 mm 500 mm

External connection Permanent copper Separable five-pin

lead wire cable connector on header
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Table 2. Features of individual thermometers.

Distance in mm,

Alpha coefficient,a, bottom of former to

Thermometer Nominal resistance Initial stabilization,  at beginning of test, bottom of sheath at
number at 0 °C, ohm hat 1100 *C % 108, K-! room temperature
NIM thermometers
80179 0.244 350 3927.1 1.0
18227 0.260 350 3926.9 0.3
18236 0.257 350 3926.8 0
18237 0.263 500 3926.8 1.5
NBS thermometers
8202 0.373 400 3926.9 7.5
8204 0.361 400 3927.0 7.0
8205 0.378 400 3926.8 7.5
80 — T I |
5 40 -
(=X
T 0 .
L
% —40 > Figure 1—~Change in character-
istics of NIM thermometers
during stabilization. The mea-
surements were made at the Na-
A A tional Institute of Metrology,
po 0 B0O17S -~ Beijing. Both the relative
p-o 28 L _ change in thermometer re-
g-;‘ o 18227 sistance at the triple point of wa-
m A ter {parts in 105 ppm) and the
o 18236 alpha coefficient, o, are shown.
© 27 & 18237 o
o fal ﬁ>
Il
o
2B I | I l
0 100 200 300 400 500

Time at 1100 °C, h

18236), the resistor support blade was bent. It was be-
lieved that these minor defects would not introduce un-
wanted biases into the experiments, so all four thermom-
eters were prepared for testing by annealing them for 30
min at or near the gold point, and then slow-cooling
them to about 520 °C.

The NBS thermometers had also been stabilized by
heat treatment, as indicated in table 2 and figure 2. One
of the four thermometers originally made for the in-
vestigation (8203) failed during the stabilization process
because of internal lead separation. It therefore could
not be included in any of the experiments.

4. Experimental Procedures and Results

Unless otherwise indicated, the general methods and
equipment described above were used throughout the
experiments. The internal guard of the guarded lead
thermometers was connected to the bridge guard circuit
during measurement {13], except for special tests. All
experimental results are reported in the appendix tables.
The values of resistance in the tables are given by

R =10XR (th)/R (s1), (0
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Figure 2—Change in character-
istics of NBS thermometers dur-
ing stabilization. Both the rela-
tive change in thermometer re-
sistance at the triple point of

L water (parts in 105 ppm) and the

alpha coefficient, a, are shown.
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~ A B204 t
g 28 < B205 -
m
Q
<
o 27 S—R & _
n
B s 1 | 1 |
0 100 200 300 400

Time at 1100 °C,

where R (th) is the value of the thermometer and R(sr)
is the value of the standard resistor, as measured by the
bridge. The factor 10 in eq (1) is the nominal resistance
of the standard resistor; it is included so that R is approx-
imately in ohms. If the factor were to be replaced by the
actual value of the standard resistor in absolute ohms,
then R would also be in absolute ohms. This was not
considered necessary for the present invqétigation be-
cause all results were derived from ratios of R values. In
the time required to obtain the values of R for a single
ratio, the standard resistor did not change significantly.

The first experiment consisted of two runs (series of
measurements of thermometer resistance at fixed points)
with an intervening exposure of the thermometers to
high temperature. In the first run, the resistance of a
thermometer was determined at thermometric fixed
points in the sequence TP, AU, TP, AG, TP, AL, TP,
ZN, TP, SN, TP, where TP designates the triple point
of water and AU, AG, AL, ZN, SN designate the freez-
ing points of gold, silver, aluminum, zinc, and tin, re-
spectively. Three or four thermometers were measured
in a single freeze at the tin, zinc; and aluminum points,
but at the gold and silver points, separate freezes were
used for each thermometer. The measurements were
made with the thermometer fully immersed in the
freezing-point cells and in the triple-point cell. Ther-
mometer resistance was determined both with the nor-

500
h

mal medsuring current and with twice the normial cur-
rent; the value of resistance for zero power dissipation
was calculated from these two determinations. The ther-
mometer was then heated in a vertical position at
1100 °C for 100 h and cooled slowly as described above
(sec. 2.1), and the measurement sequerice was repeated
for the second run. The results are given in tables Ala-g
of the appendix. ‘

The second experiment was conducted at the silver
point. A “mesh” made of 0.25 mm diameter platinum
wire was placed around the sheath of a thermometer
before it was inserted into the silver freezing-point cell.
Upon insertion, the mesh was situated in the small an-
nulus between the silica-glass sheath of the thermometer
and the silica-glass cell guide tube and cell well, thus
preventing direct contact between the sheath and the
guide tube and well. The mesh extended all the way
from the bottom of the thermometer to the top of the
cell guide tube at room temperature, where it was con-
nected electrically to the bridge guard circuit, forming
an external electrical thermometer guard. Thermometer
resistance determinations were made, with the normal
measuring current, at 5 min intervals as the silver was
allowed to freeze slowly. From time io time the com-
nection between the bridge guard circuit and the ther-
mometer guards was changed, or the guard circuit was
disconnected completely. Results for all thermometers
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except No. 18227 (NIM) are given in tables A2a-f of the
appendix.

Thermometer No. 18227 was not tested in the second
experiment because the slightly larger diameter of its
sheath did not leave enough room in the cell well to
accomimodate the wire mesh, Similarly, the slightly
smaller diameter of the gold-point cell well prevented
the use of the external guard with any of the thermome-
ters at the gold point.

In the third experiment the immersion characteristics
of the thermometers were compared at the freezing
point of zinc. The zinc point was chosen for this experi-
ment because electrical leakage effects were negligible,
and because it was easy to establish long periods of
constant temperature. Only the normal measuring cur-
rent was used; precise determination of variations in
thermometer self-heating would have been obscured by
the limited bridge resolution of the thermometers’ low
resistance. Measurements were made at 5 min intervals
at various vertical stations (in cm) in the cell well, The
results are given in tables A3a-b of the appendix. At
station 0, the thermometer sheath was fully immersed in
and resting on the bottom of the cell well.

5. Analysis of Data

5.1 First Experiment

The data obtained in the first experiment may be ana-
lyzed by deriving the resistance ratio at each fixed point
from the resistance values given in tables Ala-g. The
resistance ratio at a fixed point, designated by W(FP), is
defined by

W(FP)=R (FP)/R (0). )

R (FP) is the resistance at the fixed point taken from the
tables. R (0) is the associated value of thermometer re-
sistance at 0 °C; it is derived from the mean of the values
of R(TP) immediately preceding and following R (FP)
in the tables, taking into account a correction for the
depth of immersion of the thermometer in the triple-
point cell. The values of W(FP) are listed in table 3.

It is convenient to interpret resistance ratios and their
differences in terms of temperature values. To do this,

Table 3. Resistance ratios at fixed points.t?

Run WAL W(AG) W(AL) W(ZN) W(SN)
RT no. 80179
1 4.57174066 4.28647159 3.37604256 2.56895487 1.89283568
4.57168631 4.28642060 3.37600925 2.56893131 1.89282128
RT no. 18227
1 4,57157254 4.286298%4 3.37591813 2.56886467 1.89278068
2 4.57151496 4.28623733 3.37587016 2.56883989 1.89276336
RT no. 18236
1 4.57148343 428625191 3.37588957 2.56884678 1.89277435
4.57147650 4.28622095 337585840 2.56882739 1.89275797
RT no. 18237 .
1 4.57149741 428623074 3.37591249 2.56886121 1.89277637
4.57145197 4.28622217 3.37586485 2.56883266 1.89276204
RT no. 8202
1 4.57150591 4.28624231 3.37592544 2.56888096 1.89279537
2 457147188 4.28622642 3.37590991 2.56887218 1.89279135
RT no. 8204
1 4.57152289 4.28627237 3.37594233 2.56888153 1.89279772
2 4,57153108 4.28627577 3.37594331 2.56887922 1.89279320
RT no. 8205
1 4.57137553 4,28617237 3.37587835 2.56884607 1.89277446
2 4,57136712 4,28614094 3.37586420 2.56884047 1.8927723%

Values derived from resistance values given in tables Ala-pg,

W(FP)=R(FP)/R(0), where R(0) is derived from the mean of the values of R(TP) before and after R(FP).
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we define a simple “temperature scale” on which values
of temperature (designated by ¢") lie close to values on
ordinary scales. The resistance ratio of a thermometer is
related to a value on the scale by

W(tY=14+At"+Br". )

The coefficients A and B are determined from the values
of W(SN) and W(ZN) in table 3 using the IPTS-68
assigned values of ¢’ at the tin and zinc points, but taking
into account corrections due to thermometer im-
mersion. The values of 4 and B are listed in table 4,
along with values of the coefficients alpha, o, and delta,
8, related to 4 and B by

a=A +100B; &=—10*B/(A +100B). @)

The values of ¢’ calculated from the values of W(AL),
W(AG), and W(AU) in table 3, using eq (3), represent
values of temperature in the respective metal freezing
point cells during freezing experiments, specifically at
the mid-point of the resistor of a fully immersed ther-

mometer. The values obtained from runs 1 and 2 are
listed in table 5.

Table 6 summarizes pertinent statistics of the values in
table 5. The data are analyzed in various subsets and
combinations of subsets as indicated. “Mean” is the
arithmetic mean of the equally weighted values in the
subset. “SD” is the estimate of the standard deviation of
one value in the subset derived from the data in the
subset. “Range” is the difference between the maximum
and minimum values in the subset. All values are given
in “degrees” on the “temperature scale”—close to de-
grees C or kelvins on ordinary scales.

Table 7 gives the temperature equivalents of the re-
sistance ratio changes between run 1 and run 2. The
temperature differences are estimated from

At=AW/(dW/dr), (5)

where AW =W (run 2)— W(run 1), and W(run 1) is the
value of W(FP) determined in run 1 at a fixed point, and
W (run 2) is the value of W (FP) at the same fixed point
determined during run 2, both taken from table 3. The
derivative dW/dT, obtained by differentiating eq (3), is

Table 4. Calibration coefficients,'?

Run A B a 8
RT no. 80179
1 3985.8728E-6° —0.58756370E-6 3927.1164E-6 1.4961708
3985.8033E-6 —0.58753192E-6 3927.0502E-6 1.4961151
RT no. 18227
1 3985.6083E-6 —0.58744562E-6 3926.8637E-6 1.4959664
3985.5143E-6 —~0.58736232E-6 3926.7781E-6 1.4957869
RT no. 18236
1 3985.6000E-6 —{(.58752738E-6 3926.8472E-6 1.4961809
3985.4992E-6 —0,58739730E-6 3926.7594E-6 1.4958831
RT no. 18237
1 3985.5769E-6 —0.58739055E-6 3926.8379E-6 1.4958360
2 3985,.5229E-6 —0.58742386E-6 3926.7805E-6 1.4959427
RT no. 8202
1 3985.7019E-6 —0.58757620E-6 3926.9443E-6 1.4962682
3985.6890E-6 —0.58759525E-6 3926.9295E-6 1.4963224
RT no. 8204
1 3985.7229E-6 —0.58762304E-6 3926.9606E-6 1.4963813
3985.6862E-6 —0.58754853E-6 3926.9313E-6 1.4962027
RT no. 8205
1 3985.6031E-6 —0,58753878E-6 3926.8492E-6 1.4962092
3985.5996E-6 —0.58756233E-6 3926.8434E-6 1.4962714

I =1 + A¢ + Bt

2Coeiticients derived from values of W(ZN) and W(SN) and IPTS-68 assigned values of £(ZN) and ¢ (SN)

*The notation E-6 signifies multiplication by 105

355



Table 5. Derived values of ¢’ at AU, AG, and AL,

$al) t'(AG) t'(AL)

RT no. Run | Run 2 Run | Run 2 Run 1 Run 2

BO179 1062.5201 1062.5141 9605363 960.5315 £60.4079 660.4075
18227 1062.5127 1062.4938 960.5266 960.5098 6604075 660.4006
18236 1062.5171 1062.5004 060.5394 960.5204 660.4114 6604048
18237 1062.4747 1062.4928 960.5130 960.5215 6604047 660.4055
8202 1062.5059 1062.5063 9635175 960.5225 660,4082 660.4086
8204 1062.5232 1062.5098 960.5361 960.5256 660.4155 660.4133
3205 1062.4812 1062.4392 560.5142 260.5120 660.4088 660.4083

TW()=14Ar"+ Br,
Walues of t* derived from values of W{FP) in table 3 and values of the cocflicients in table 4.

Tahle 6. Statistics of #°.!

RT Combined
set Run | Run 2 runs
at gold point (Au)
NIM Mean 1062.5062 1062.5003 1062.5032
5D? 0.0212 0.0098 0.0156
Range 0.0454 0.0213 00454
NBS Mean 1062.5034 1062.5018 1062,5026
sSD 0.6211 0.0L10 90,0151
Range 0.0420 0.0206 0.0420
Com- Mean 1062.5050 1062.5009 1062,5030
bined SD 0.0194 0.0004 0.0148
Set Range 0.0485 0.0249 0.0485
at stlver point (AG)
NIM Mean 9605288 960.5208 960.5248
Sb 0.0119 0.0089 0.0106
Range 0.0264 0.0217 0.0296
NBS Mean 960.5226 960.5200 960,5213
SD 0.0L18 0.0071 0,0038
Range 0.0219 0.0136 0.0241
Com- Mean 960.5262 960.5205 960,5233
bined sSD 00113 0.0075 0.0097
set Range 0.0264 0.0217 0.0296
at aluminum point (AL)
NIM Mean 6604079 66(.4046 660.4062
SD 0.0027 0.0029 0.0031
Range 0.0067 .0069 0.0108
NBS Mean 660.4108 660.4101 660,4104
SD 0.0041 0.0028 0.0031
Range 0.0073 0.0050 0.0073
Com- Mean 660.4091 660.4069 660,4080
bined sSD 0.0034 0.0039 0.0037
set Range 0.0108 0.0127 0.0149

LStatistics derived from values of ¢* in table 5.
ISD: estimate of standard deviation of cne value in indicated set.

evaluated using the coefficients from table 4 and the
mean value of ¢’ at the fixed point given in table 6 or the
value of ' assigned to the fixed point.

It is instructive to evaluate ¢’ from the values of
W(AD), W(AG), and W(AL) determined in run 2 using
the values of the coefficients determined in run 1. The
results of this procedure are given in table §; these values
are to be compared with the original run 1 values in
tables 5 and 6. It can be seen that the temperature differ-
ences are the same as the temperature equivalent
changes shown in table 7. This is to be expected, since
both evaluations are based on the same “calibration co-
efficients’’; the changes are thus due only to the changes
in W{AU), W(AG), and W{AL) between the two runs.
A comparison of the statistics in table 8 with those’in
table 6 show that upon prolonged heating at high tem-
perature the thermometers may change, resulting in
changes in temperature values and increases in standard
deviation and range if the thermometers are not re-
calibrated. Table 8 also shows similar results using run 2
coefficients and run 1 resistance ratios,

The results of an analysis at the silver point using a
different “temperature scale” formulation are given in
table 9. In this case, t" is defined in terms of a quadratic
relation between W(¢ ") and 7", as in eq (3), but with the
coefficients determined at the aluminum and gold points
(and at 0 °C). The coefficients are determined from the
values of W{AL) and W (AU) given in table 3; the values
of ¢” assigned to these points, £"(AL)=660.408 and
£"(ALN=1062.503, are the means of the combined sets
and runs at the aluminum and gold points given in table
6. The statistics in table 9 are analogous to the statistics
for ¢ at the silver point given in table 6.

The value of R (TP) was determined six times for each
thermometer during each of the two runs, as indicated in
tables Ala-g. Table 10 presents a summary of the
changes that occurred in R (TP). The numbers in the
table give relative, or fractional, changes in parts per
million (parts in 10%). The “Range” for a thermometer is
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Table 7. Temperature equivalent of resistance ratio changes."?

RT ne. AU AG AL ZN SN
80179 —=0.0199 —0.0179 —~0.0104 —0.0068 —0.0039
18227 —0.0211 —0.0216 —0.0149 —0.0071 —0.0047
18236 —0.0025 —0.0109 —0.0097 —0.0056 —0.0044
18237 —0.0166 —0.0206 —0.0148 —0.0082 —0.0039
Mean —0.0150 —0.0177 -0.0125 —0.0069 —0.0042
8202 —0.0125 —0.0056 —0.0048 —0.0025 —0.0011
8204 0.0030 0.0012 0.0003 —0.0007 —0.0012
8205 —0.0031 —0.0110 —0.0044 —0.0016 —0.0006
Mean —0.0042 —0.0051 —0.0030 —0.0016 —0.0010
Combined

Mean —0.0104 ~0.0123 —0.0084

5/alues derived from difference (run 2—run 1) in resistance ratio values given in table 3.

alues expressed in terms of £,

Table 8. Derived values of t’ at AU, AG, and AL.'?

Table 9, Statistics of ¢* at silver point.h

Run 1 coefficients; run 2 W(AU), W(AG), W(AL)

RT Combined
RT no. AL H(AG) I'(AL) set Run 1 Run 2 runs
80179 1062.5003 960.5184 660.3975 NIM Mean 960.5269 960.5240 960.5254
18227 1062.4917 960.5051 660.3925 SD? 0.0052 0.0042 0.0046
18236 1062.5146 960.5286 660.4017 Range 0.0121 0,0103 0.0139
18237 1062.4581 960.4925 660.3898
NBS Mean 960.5211 960.5200 960.5206
SD 0.0063 0.0009 0.0041
8202 1062.4934 960.5120 660.4034 Range 0.0124 0.0018 0.0124
8204 1062.5262 960.5373 660.4158
8205 1062.4781 960.5032 660.4052  Com- Mean 960.5244 960,5223 060.5233
bined sSD 0.0060 0.0038 0.0049
set Range 0.0171 0.0103 0.0171
Mean 1062.4946 960.5139 660.4008
sD? 0.0225 0.0155 0.0087 1@ "y=14at"+-bt*?, where the cocfficients ¢ and & are determined from
Range 0.0681 0.0448 0.0260 values of W(AL) and W(AU) given in table 6, and ("(AL)=660.408,
t"(AU)=1062.503 (sce table 6).
2 alues of $*{AG) derived from values of W(AG) given in teble 3 using the
Run 2 coefficients; ron 1 W{AU), #{AG), W(AL) above equation.
RT no. F(AU) AG) (AL) SD: estimate of standard deviation of one value m‘ indicated set.
80179 1062.5340 960.5494 6604178  the difference between the largest and the smallest of its
;ggg 1%32(1);2 92-53?‘ gg-“ﬁ six R(TP) values in a run. The other two statistics,
. 960.5313 4145 wpfax? and “RMS,” deal with successive differences
18237 1062.5094 960.5420 660.4203 . .
between values of R(TP) in a given run. These succes-
sive differences are of interest because the value of
8202 1062.5188 960.5280 660.4135 W (FP) is calculated from the mean of successive values
8204 1062.5068 960.5244 6604130 of R(TP) bracketing a value of R(FP). “Max” is the
8205 1062.4922 960.5230 660.4127 : : : ;
largest of such successive differences in a run, without
regard to sign of the difference. “RMS” is the square
Mean 1062.5112 960.5328 660.4153 root of the mean of the squares of such successive differ-
SD 0.0132 0.0096 0.0028 ences.
Range 0.0418 0.0264 0.0076

W =144t'+ B2

2Values of ¢ derived from indicated values of W({FP) in table 3 and indicated
values of the coefficients in table 4.

38DD: estimate of standard deviation of one value in set.

5.2 Second Experiment

The data obtained in the second experiment may be
examined by plotting thermometer resistance as a func-
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Table 10. Variations in R{TP).!
(Values given are parts in 1052

Run 1 Run 2
RT no. Range’ Max* RMS® Range Max RMS
80179 5.6 4.8 3.2 1.6 5.0 3.0
18227 2.8 2.5 1.4 2.0 2.0 1.6
18236 4.8 4.8 2.9 2.6 1.7 1.1
18237 32 3.2 2.3 6.1 29 1.9
8202 8.3 5.5 29 25 2.5 L9
8204 7.0 4.0 23 5.7 5.0 3.2
8205 38 23 1.4 9.5 5.5 3.1

"Values derived from values of R (TP) in tables Ala-g,
ZA fractional difference in R(TP) of 4 [0~ is equivalent io a temperature
interval of about 1 mK at the triple point of water.

*Range: fractional difference between largest and smallest value of R(TP) in
a single run,

*Max: magnitude of largest fractional difference between two successive val-
ues of R(TP) in a single run.

SRMS: root-mean-square of fractional differences between sucoessive values
of R(TP) in a single run.

tion of time. Figures 3—8 are plots of the data given in
tables A2a-f. The data points show results of the various
electrical guard configurations; the data for each are
connected by solid lines to form “freezing curves” of the
silver as it solidified. For the NIM thermometers, the
only possible guard configurations were with the exter-
nal guard connected to or disconnected from the bridge

guard driving circuit, since the thermometers had no
internal guarding system. The NBS thermometers were
measured with both the internal and external guards
connected to the drive circuit, with only the external
guard connected, with only the internal guard con-
nected, or with neither guard connected. The various
configurations are labeled in the figures. The tem-
perature scaling brackets shown in the figures are esti-
mated from the relation

Ar=(AR/R)X W/(dW /d?), (6)

where R is thermometer resistance at the silver point, W
is W(AG) taken from table 3, and the derivative dW/dt,
found by differentiating eq (3), is evaluated at the silver
point using the coefficients in table 4 and the mean value
of ¢'(AGY) in table 6.

5.3 Third Experiment

The data obtained in the third experiment may also be
examined by plotting. In this case the differences be-
tween thermometer indications at full immersion and at
reduced immersion are plotted as a function of im-
mersion. We start by computing for each thermometer
the resistance differences,

Figure 3—Effect of guarding at sil-
— ver point, RT No. 80179, plotted
from the data in table A2a. The
curve labeled “External guard”
represents measurements taken
with the external guard con-
nected to the bridge guard cir-
cuit. The curve labeled “No
guard” represents measurements
taken with the guard discon-
nected.
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Figure 4 —Effect of guarding at sil-
ver point, RT No, 18236, plotted
from the data in table A2b, The
curve labeled “External guard”
represents measurements taken
with the external guard con-
nected to the bridge guard cir-
cuit. The curve lzbeled “No
guard” represents measurements
taken with the guard discon

Figure 5 —Effect of guarding at sil-
ver point, RT No. 18237, plotted
from the data in table A2c. The
curve labeled “External guard”
represents measurements taken
with the external guard con-
nected to the bridge guard cir-
cuit. The curve labeled “No
guard” represents measurements
taken with the guard discon-
nected.
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Figure 6 —Effect of guarding at sil-
ver point, RT No. 8202, plotted
from the data in table A2d. The
curve labeled “Both guards”
represents meastrements taken
with both the external guard and
the internal thermometer guard
connected to the bridge guard
circuit. The curve labeled “Ex-
ternal guard” represents mea-
surements taken with only the
external guard connected, and
the curve labeled “Internal
guard” represents measurements
taken with only the internal
guard connected. The curve la-
beled “No pguard” represents
measurements taken with nei-
ther guard connected to the
bridge guard circuit.

Figure 7—Effect of guarding at sil-
ver point, RT No. 8204, plotted
from the data in table A2e. The
curve labeled “Both guards”
represents measurements taken
with both the external guard and
the internal thermometer guard
connected to the bridge guard
circuit. The unlabeled points ly-
ing on or close to the curve, des-
ignated by unconnected open
symbols, represent mea-
surements taken with only the
external guard connected. The
curve labeled “Internal guard”
represents measurements taken
with only the internal gueard
connected. The curve labeled
“No puard” represents mea-
surements taken with neither
guard connected to the bridge
guard circuit.
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Figure 8—Effect of guarding at sil-
ver point, RT No. 8205, plotted
= from the data in table A2f. The
curve labeled “Both guards”
represents measurements ‘taken
with both the external guard and
the internal thermometer guard
connected to the bridge guard
circuit. The curve labeled “Ex-
ternal guard” represents mea-
surements taken with only the
external guard connected, and
the curve labeled *“Internal
guard” represents measurements
taken with only the internal
guard connected. The curve la-
- beled “No guard” represents
measurements taken with nei-
ther guard connected to the
bridge guard circuit. ‘
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AR =R ((station x)—R (station 0}, N
from the data in tables A3a and A3b. R (station x) is the
resistance measured when the thermometer is at one of
the stations above station 0. R (station 0) is the average
of resistance measurements at station O before and after
the measurement at station x. The resistance differences
are then converted to equivalent temperature differ-
ences using eq (6), but with the second term evaluated
for the zinc point. The resulting temperature differences
are plotted as a function of immersion station up to
station 10 in figures 9 and 10. The straight line with
intercept at At =0 in the plots represcnts the expected
decrease in temperaturé with immersion due to the hy-
drostatic pressure of the liquid metal.

6. Evaluation of Thermometer Characteristics

6.1 Long-Time Stability at High Temperature

The effect of 100 h exposure at 1100 °C upon the
thermometers may be judged from the results presented
in tables 3—~10. Changes in derived values can be ob-

served, and the group of thermometers as a whole tends
to exhibit a downward drift in resistance ratioc upon
exposure (see tables 3 and 7). The results in table 7 show
average changes for the group as a whole to be equiv-
alent to 10.4 mK at the gold point, 12.3 mK at the silver
point, and 8.4 mK at the aluminum point after the 100 h
exposure. A comparison of the results in table 6 and 8,
based on run 1 “calibration coefficients,” shows an in-
crease in the variability of extrapolated values of ¢’ after
the exposure.

However, the thermometers are apparently not de-
graded in their ability to measure values on the desig-
nated “temperature scale” because of the exposure, as
shown py a comparison of the statistics for run 1 and run
2 in table 6. Upon “recalibration” at the tin ‘and zinc
points, the mean extrapolated values of ¢’ at the gold,
silver, and aluminum points in run 2 differ little from the
values obtained in run 1; the differences are 4.1, 5.7, and
2.3 mK respectively, Similarly, the statistics in table 9
show a change of only 2.1 mK in the mean value of ¢”
at the silver point. As to thermometer variability, the
statistics show the variability of ¢, after recalibration,
actually to be less in run 2 than in run 1. This is attributed
more to a somewhat better precision in gneasurements in
run 2 than to an effect of the exposure. Table 10 shows
little difference in the variability: of R(TP} due to
exposure. : :
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Figure $—Effect of immersion in
zinc cell at the freezing point,
NIM  thermometers, plotted
from the data in table A3a. “Sta-
tion” is the vertical location of
the thermometer in the call well;
it represents the elevation of the
thermometer, in cm, above full
immersion. The thermometer is
fully immersed and resting on
the bottom of the cell well at sta-
tion 0. A £ is the temperature
equivalent of the difference in
thermometer resistance, mea-
sured when the thermometer is
fully immersed at station 0 and
when it is elevated to the indi-
cated station. The straight line
represents the expected tem-
perature gradient due to the hy-
drostatic pressure of the liquid
zine.

Figure 10— Effect of immersion in
zinc cell at the freezing point,
NBS thermometers, plotted
from the data in table A3b, “Sta-
tion™ is the vertical location of
the thermometer in the cell well;
it represents the elevation of the
thermometer, in cm, above full
immersion, The thermometer is
fully immersed and resting on
the bottom of the cell well at sta-
tion 0. A # is the temperature
equivalent of the difference in
thermometer resistance, mea-
sured when the thermometer is
fully immersed at station 0 and
when it is elevated to the indi-
cated station. The straight line
represents the expected tem-
perature gradient due to the hy-
drostatic pressure of the liquid
zing,



6.2 Short-Time Stability upon Temperature Cycling

The short-time stability of 2 thermometer subjected to
the temperature cycling of either run in the first experi-
ment, which is assumed to be typical for a thermometer
calibration procedure, may be partially assessed from
variations in the thermometer resistance at the triple
point of water. The results are given in table 10. The
variability of resistance ratios will depend in part on the
variability of R (TF), since a resistance ratio is derived
from the mean of before and after R(TP) deter-
minations. Thus, the root-mean-square variations
of R(TP) given in the table could be expected to con-
tribute the following temperature equivalents to the
standard deviation of a determination of #W(FP): 0.9 to
2.7 mK at the gold point, 0.8 to 2.4 mK at the silver
point, 0.6 to 1.7 mK at the aluminum point.

6.3 Temperature Coefficient of Resistance

The high values of the alpha coefficient given in table
4 show that the platinem in all of the thermometers is
very pure and in a well defined physical state. The
changes in alpha coefficients produced by the 100 h
exposure at 1100 °C are consistent with the changes
cbserved in resistance ratios at the fixed points.

6.4 Immersion Characteristics

The results of the third experiment provide some in-
formation about thermometer immersion character-
istics. It must be emphasized that immersion behavior
depends not only on thermometer characteristics, but
also on details of the environment surrounding the ther-
mometer. Figures 9 and 10 show the immersion behayv-
ior of the thermometers in the zinc cell.

The set of NIM thermometers appears to “track’ the
temperature gradient produced by hydrostatic pressure
over the bottom 4 c¢m of immersion, while the set of
NBS thermometers probably tracks the gradient over
the bottom 2 cm of immersion. Conseguently, im-
mersion losses at the zinc point are probably not a major
source of error in the temperature determinations with
any of the thermometers. While it is believed that im-
mersion losses at other fixed points used in the experi-
ments are not a limiting source of error, a more thor-
ough examination of thermometer immersicn behavior
in all of the fixed-point cells would be highly desirable,
if measurements could be made with adequate precision
(see below).

6.5 Heating Effect of Measuring Current

Heating effects at all fixed points are listed in tables
Ata through Alg. It may be noted that the heating
effect in the ' NIM thermometers due to the 4 mA mea-
suring current is small and almost negligible. The larger
heating effect in the NBS thermometers {(and also the
poorer immersion characteristic noted above) is attri-
butable to resistor design; half the resistor wire is remote
from the wall of the thermometer sheath in the toroidal
resistor.

6.6 Electrical Leakage of Thermometer
Supporting Parts

The results of the second experiment, plotted in fig-
ures 3 through 8, provide some information about the
effects of clectrical leakage in the thermometers. The
experiment takes advantage of the electrical guard driv-
ing circuit available in the automatic bridge used. The
internal guard system in the guarded lead thermometers
(NBS) reduces the errar due to electrical leakage from
lead to lead in the thermometer, and from the thermom-
eter leads to the bridge through ground. It does not,
however, prevent leakage at the unguarded resistor.
Thi external guard temporarily installed on the ther-
mometers reduces ondy the effects due to leakage
through ground between the thermometer and the
grounded bridge.

It is evident from the data that leakage through
ground is a major source of error in all of the thermom-
eters when they are measured with a grounded instru-
ment, and that the internal guard system used only par-
tially eliminates the error. Without any guarding,
leakage effects at the silver point can amount to 20 mK
or more. In other preliminary tests with internally
guarded thermometers, it has been found that the effect
is even greater at the gold point, but may be very small
at the aluminum point. The data do not reveal whether
the external guard completely eliminates the leakape
through ground.

. The data show that the effect can vary considerably
from thermometer o thermometer. The effect may alsc
vary from time to time in a particular thermometer. It
has been observed that in some thermometers, in the
absence of an external guard, a small movement of the
thermometer during measurement in a high temperature
fixed-point cell can alter the electrical leakage. The ef-
fect thus adds to the imprecision of measurements, and,
in experiments such as immersion tests in the cells, may
obscure results,
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6.7 Thermometer Durability

The thermometers experienced no catastrophic fail-
ures and no obvious mechanica! degradation during the
course of the experiments. The bending of support
blades in two of the NIM thermometers and the sepa-
ration of a lead in one of the NBS thermometers during
initial stabilization suggest potential problem areas in the
two designs.

6.8 Agreement Among Thermometers of Derived
Temperature Values

The agreement among thermometers has Deen tested
by means of two “temperature scales.” For one scale, on
which values of temperature ars designated by the sym-
hol ¢, the thermometers are “calibrated” at the tin and
zinc points, and then the values of temperature are de-
termined at the aluminum, silver, and gold points by
extrapolation. For the other scale, on which the ther-
mometers are “calibrated” at the aleminum and gold
points, the values of temperature (designated by the
symbol ") at the silver point are determined by inter-
polation. These procedures allow comparison of de-
rived values at the available constant-temperature fixed
points, and the measures of variability given in tables 6
and 9 describe the agreement among thermometers us-
ing the procedures.

It is unlikely that a practical temperature scale at high
temperatures would be defined by extrapolation from
lower temperatures, as in the case of the “'t' scale.” Such
2 procedure exaggerates the variability in derived tem-
perature values due to propagation of normal and un-
avoidable calibration errors. It is more likely that a prac-
tical scale will be devised so that values of temperature
can be dertved by interpolation between adjacent defi-
ning fixed points, as in the case of the “t” scale”. Table
9 shows a smaller variability in #" at the silver point (an
interpolated value) than is shown in table 6 for ¢’ at the
silver point (an extrapolated value). A practical tem-
peratare scale utilizing all of the fixed points, including
the silver point, could be expected to exhibit even less
variability in derived temperature values. Therefore, the
variations among thermometers reported here are larger
than would be expected with the use of a well-designed
temperature scale; the variations should be considered
as upper bounds on thermometer variability.

Despite its limitations, the “+’ scale” is useful for com-
parison purposes because of its simplicity and because
the data necessary for deriving values on it are often
available. In the present case, it reveals little difference
between the two groups of thermometers, and in fact, all
seven thermomaters may be considered as a single set. It

is interesting to compare these results with results ob-
tained earlier using other sets of thermometers. This is
done in table 11, where the results obtained with
2.5-ohm gnarded-lead thermometers measured with the
grounded automatic bridge [3], and the results obtained
with 0.25-ohm unguarded “birdcage” thermometers
measured with isclated dc instrumentation [11)}, are sum-
marized along with the present results. The summary
shows differences between mean values at the fixed
points that may be attributable, at least in part, to leak-
age problems. The summary also shows a decreasing
variability in measurements in the past decade, though
the decrease is not very dramatic.

Table 11, Statistics of ¢’ at fixed points,

RT set AU AG AL

NIM/NBS' Mean 1062.5030  960.5233  660.4080
(14/7 s 0.0148 0.0097 D.0037
1934 Range 0.0485 0.0296 0.0149
NBS 2.50hm®  Mean 10624898  960.5154  660.4127
(11,16/8) sD 00114 0.0079 0.0024
1982 Range 00341 0.0243 0.0088
Birdcage® Mean 1062.5308  960.5230 — — — -
(27/9) SD 0.0191 0.0132 (0.0032)
1971 Range 0.0816 0.0541 (C.0087)

INIM/MBS: [4 independent determinations at each of the fixed points with
7 thermometers, this report.

INBS 2.5 ohm: 1! independent deferminaticns at AU, 16 independent deter-
mipations at AG and AL with B thermormeters, reported (3] in 1982,

Birdcage: 27 independent determinations at AU, AG, and the antimony
point with 9 thermometers, reparted [11] in 1971.

48D estimate of standard deviation of one value in indicated set.

7. Summary and Conclusions

The results of the experiments reported here show
that the two sets of high-temperature platinum re-
sistance thermometers tested, thermometers from differ-
ent sources and of different design, behaved in a similar
manner. The thermometers proved to be enough alike in
their characieristics and performance that they could be
considered as a single class.

1t was found that upen prolonged exposure to high
temperature the resistance ratios of the thermometers,
on the average, changed by the equivalent of only 8 to
12 mK at high temperature fixed points. The exposure
(100 h at 1100 °C) was probably more severe than that to
which thermometers would normally be subjected.

The thermometers were subjected to cycling between
high temperatures and room temperature, comparable
1o cycling that would be encountered in normal use and
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calibration. The variability in thermometsr resistance at
the triple point of water with such cycling, expressed as
a root-mean-square relative change in resistance per cy-
cle, was found to range from about 1 to 3 parts in 10,
This variability in resistance is equivalent to tem-
perature increments of 0.3 to 0.8 mK at the triple point;
it would contribute the equivalent of about 1 to 3 mk to
the variability of resistance ratios at the gold point de-
rived from the mean of bracketing triple-point deter-
minations.

The thermometers proved to be durable; the 100-h
exposure produced no pronounced mechanical change
in them, and throughout the tests their alpha coefficients
remained greater than 0.0039268 K. Self-heating ef-
fects and immersion characteristics of the thermometers
were found to be commensurate with thermometer de-
sign and not to be accuracy-limiting sources of error.
When the thermometers were calibrated on a simple
quadratic “temperature scale” and values determined by
extrapolation to high temperatures, the standard devi-
ation of a single thermometer measurement was
estimated to be about 4 mK at the aluminum point,
10 mK at thesilver point, and 15 mK at the gold point.
These values were found to compare favorably with
values determined in the past by other sets of low re-
sistance thermometers.

In contrast, it was found that electrical leakage
through ground, between a thermometer at high tem-
perature and a grounded measuring instrument, intro-
duced large errors. Errors equivalent to 20 mK or more
were observed at the silver point, and even greater er-
rors were indicated at the gold point. Internal guarding
of thermometer leads only partially eliminated the leak.
age, while the use of an electrical guard outside the
thermometer appeared to be more effective. Con-
sequently, the results reported here are probably biased
by errors due to leakage effects, and variations in the
leakage have also probably contributed to measurement
imprecision. Electrical leakage through ground is be-
lieved to be the single largest source of error in the
experiments,

Despite the problems with electrical leakage, it may
be concluded from the results of the experiments that
the thermometers tested are as good as or better than
other thermometers tested in the past. A prior assess-
ment has placed an uncertainty of about 10 mK on
“state-of-the-art” resistance thermometer measurements
up to the gold point [14]. In view of their exceptional
long-time stability, agreement in derived temperature
values, and other favorable characteristics, the present
thermometers could be expected to perform equally as
well, or better, if they were used so as to eliminate biases
due to leakage.
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APPENDIX

Table Ala. Resistance of thermometer 80179 at fixed points.

Run 1 Run 2
P! R(TF}? R(FP) HE(#)* R(TH) R(FP) HE(4)
TP 024354510 10 024355153 23
AU 1.11338142 17 1.11339495 30
TP 0.24354484 37 024355032 1%
AG 1.043%0980 22 1.04351980 11
iy (,24354602 10 024355100 4
AL 0.82218768 L5 0.82219719 20
TP 0.24354487 19 (.24355033 1
ZN 0.62563109 15 0.62563938 9
TP 0.24354467 22 0.24355013 8
SN 0.46097202 24 0.46097344 23
TP 0.24354465 16 0.24354968 14
IMensurements taken in order indicated.
*R(TP): thermometer resistance {chimns) at triple point of water for zero measuring current.
JR(FP): thermometer resistance {ohms) at indicated metal freezing point for zero measuring current.
*HE(3}: increase in resistance of thermometer (ohms < 10~% due to heating effect of 4 mA measnring current.
Table Alb, Resistance of thermomater 18227 at fixed points.
Rupn 1 Run 2
FP! R(TPY R(FPY HE(* R{TP) RiFP HE{4)
TP 0.26036578 17 0.26036839 23
AU 1.19023546 41 1.18023032 24
TP 0.26036617 8 0.26036787 23
AG 1.11596340 14 1.11595591 6
TP 0.26036605 15 0.26036834 4
AL 1.87894006 14 0.37893466 19
TP 0.26036600 27 0.26036791 11
ZN 0.66381872 38 066881738 6
TP {.26036586 10 0260346793 16
SN 0.49279685 26 (49279604 24
TP {.26036652 19 0.26036836 5
12345es footnotes of Table Ala.
Table Alc, Resistance of thermometer 18236 at fixed points.
Run 1 Run 2
FP! R(TPP R(FPY HE®4)* R(TP) R(FP) HE(4)
TP 0.25736827 1 0.25737145 17
AU 1.17651167 3B 1.17652127 27
TP 0.25736951 ¥ Q25727131 16
AG 110310634 20 L 10316718 14
TP 0.25736B98 21 0.25737129 18
AL 0.86881563 23 0.86881446 42
TP 0.25736916 10 0.25737091 17
ZN 0.66111513 26 0.66111592 14
TP 0.2573683% I8 0.25737114 13
SN 048712186 19 0.43712267 24
TP 0.25736902 4 0.25737158 11

12345¢ee footnotes of Table A la,

366



Table Ald. Resistance of thermometer 18237 at fixed points.

Run 1 Run 2

FP! R(TPY R(FPy HE(4)* R(TH) R{FP} HE({4)
TP 0.26271185 20 0.26271457 QO

AU 1.200%4154 45 130093838 42
TP 0.26271268 5 0.26271380 7

AG 1.12601457 23 1.12600557 14
r (.26271186 16 0.26271372 2

AL 0.8R6B5765 35 0.88685013 14
TP 0.26271188 14 0.26271298 18

ZN 0.67434408 23 067483947 20
Tr 026271194 9 0,26271309 19

SN 0.49723614 30 0.49723423 20
TP 0.26271258 4 0.2627133% 10

L23dgee foomotes of Table Ala.

Table Ale, Resistance of thermometer 8202 at fixed points.

Run L Run 2

Fp! R(TPY R(FP¥ HE(4)* R(TP) R(FP) HE(4)

P 0.37344847 82 0.37345575 77

AU 170715643 123 L70717762 121
TP 0.37344900 72 0.37345655 87

AG 1.60063481 87 1.60065483 39
TP 0.37345106 67 0.37345562 02

AL 1.26069404 98 1.26070435 100
TP 0.37345126 70 0.37345654 92

ZN 0.95931356 117 0.95932444 84
TP 0.37345063 84 .37345639 84

SN 0.70633891 120 (.70684723 92
TF 0.37345157 63 (.37345619 86

12335ee footnotes of Table Ala.

Table Alf, Resistance of thermometer 8204 at fixed points.

Run 1 Run 2
FP! R(TP)? R(FP) HE®@#)* R(TP R(FP) HE@#)
TP 036121077 58 0.36121424 50
AU 165121770 97 165124068 86
TP 0.36121028 72 036121557 56
AG 1.54818827 90 1.54820525 64
TP 036121172 55 036121378 65
AL 1.21938181 82 121938917 91
TP 0.36121142 66 0.36121351 64
ZN 0.92787383 94 092787912 104
TP 0.35121193 74 D.36121466 72
SN 0.68367531 88 0.68367855 102
TP £.36121282 59 0.36121523 62

1234560 footnotes of Table Ala.
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Table Alg. Resistance of thermometer 8203 at fixed poihts.

Run ! Run 2
FF! R(TPY R(EPY HE@)* R(TP) R(FP) HE(4)
TP 037777464 77 0.37777391 94
AU 1.72688249 105 1.72688057 103
TP 0.37777472 80 0.37777600 77
AG 161914245 B8 161913827 29
TP 0.37777384 37 0.37777615 85
AL 127526979 106 127527344 97
TP 0.37777447 89 0.37777749 62
ZN 97040708 124 097041140 i02
TP 0.37777487 35 0.37777686 34
SN CT1501%07 117 0.71501314 (381
TP 0.37777526 75 0371717734 80
Liddgee foolnote of Table Ala,
Table A2a. Effect of guarding at silver point, thermometer 80179,
No.! Thermometer esistance? No. Thermometer resistance
External No External No
Guard Guard Cruard Guard

1 1.04392444 31 1.04392563

2 1.04392494 32 1.04392576

a 104392533 3 1.04392585

4 104392506 k3 1.04392155

5 104392526 33 104392162

& 1.043920%0 36 1.04392582

ki 1.04392092 71 104392580

8 104392524 38 1.04392595

9 1.04352531 39 1.04392578
14 1.04392552 40 1.04392577
11 1.04392542 41 1.04392101
12 1.0439256% 42 1.04392163
13 1,04392100 43 1.04392580
4 1.04392127 4 1.04392567
15 1.04392567 45 104392564
16 1.04392553 46 1.04392575
17 1.04392556 47 1.04392592
18 1.04392541 48 1.04392127
19 1.04392538 49 1.04392115
20 104392126 50 104392502
21 1.04392155 5] 1.04392489
22 1,04392592 52 1.04392467
23 1.04392583 53 1.04392454
24 1.04392610 54 1.04392402
25 1.04392569 55 1.04351980
26 104392554 56 1.04391904
27 1.04352194 57 1.04392274
28 1.04392176 58 1.04392240
29 1.04392534 59 1.04392180
30 1.04392560 &0 104392091

1 . . N - P
No.: sequence number of reading. Resistance determinations made at 5 min intervals.
¥ All determinations made with normal mepsuring curreat.
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Table A2b, Effect of guarding at silver point, thermometer 18236.

No.! Thermometar tesistance® No. Thermometer resistance
External No External No
(Guard Guard Guard " Guard
1 1.10310830 36 1.10310753
2 1.10310798 37 1.10310762
3 1.10310787 38 1,10310730
4 1.10310773 19 1.10310727
5 1.10310780 40 1.10309795
6 1.10310777 41 1.10310717
7 1.10310766 42 1.10310708
B 1.10310783 43 1.10310663
9 1.10310764 44 1.10310644
10 1.10309809 43 ’ 1.10309621
11 1.10310763 46 1.10310619
12 1.10310782 47 1.10310571
13 110310777 48 1.10310504
i4 1.10310757 49 1.10310429
15 1.10310767 50 1.10309304
16 1.10309847 51 110310223
17 110310786 52 110310018
18 110310796 53 1,10309737
19 1.10310766 54. 1.13309643
20 1.10309836 55 1.10309299
21 1.1031079¢ 56 1.10308788
22 110310762 57 1.10307519
23 1.10310756 58 1.10300411
24 L. 10310779 59 1.10234670
25 1.10309850 60 1.10218298
26 1.10310748 61 1.10208952
27 110310777 62 1.10228282
28 L.10310760 63 1.10229746
29 1.10310764 64 1.10229948
30 1.10309806 65 1.10228364
31 L.10309306 66 1.10227329
32 1.10310766 67 1.10225154
33 1.10310748 68 1.10226344
34 110310761 69 110225939
a5 1.10309818 70 1.10224858
2 Seo footnotes of Table A2a.
Table A2c, Effect of guarding at silver point, thermometer 18237,

No.! Thermometer resistance? No. Thermometer resistance
External No External No
Guard Guard Guard Guard
1 1.12601866 13 1.12601706
2 112601772 14 1.126017335
3 112601741 I5 1.12600610
4 1.1260171% 16 1.52601762
5 1.12601699 17 1.12601739
6 1.12601702 18 1.12601746
7 112601732 19 1.12601757
8 1.12601692 20 1.12601742
9 1.12601711 21 1.12600639
10 1.12600623 22 1.12601775
11 1.12601713 23 1.12601739
12 1.12601717 24 1.12601781
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Table A2¢. Effect of guarding at silver point, thermometer 18237.—Continued

No.! Thermometer resistance? No. Thermometer resistance
External No External No
Guard Guard Guard Guard
25 1.12600647 49 1.12601716
26 1.12601744 50 1.12600598
27 1.12601768 51 1.12601704
28 1.12601773 52 1.12601684
29 112601745 53 1.12601655
30 1.12600659 54 1.12601641
31 1.12601764 55 1.12601612
32 1.12601779 56 1.12601584
33 1.12601781 57 1.12601543
34 1.12601807 58 1.12601487
35 1.12600667 59 1.12601409
36 1.12601779 60 1.12601322
37 1.12601796 61 1.12601211
38 1.12601778 62 1.12601112
39 1.12601790 63 1.12601050
40 1.12600662 64 112600944
41 1.12601752 65 1.126007384
42 1.12601792 66 1.12600536
43 L.12601777 67 112600135
44 1.12601760 68 1.12599782
45 1.12600655 69 1.12599122
46 1.12601740 70 1,12597467
47 1.12601745 71 1.12561508
48 1.12601774 72 1.12534593
L2 See footnates of Table A2a.
Table A2d. Effect of guarding at silver point, thermometer 8202.
No.! Thermometer resistance? No.  Thermometer resistance
Both External Internal No Both External Internal No
Guards Guard Guard Guard Guards Guard Guard Guard
1 1.60064788 25 1.60063539
2 1.60064955 26 1.60065087
3 1.60065002 27 1.60065094
4 1.60065063 28 1.60065082
5 1.60065065 29 1.60065076
6 1.60065069 30 1,60065037
7 1.60064992 31 1.60064967
8 1.60064424 32 1.60064438
9 1.60063572 33 1.60063516
10 1.60065077 34 1.60065044
i1 1.60065091 35 1.60065075
i2 1.60065091 36 1.60065028
13 1.60065105 37 1.60065012
14 1.60065082 38 1.60065039
15 1.60064994 39 1.60064949
16 1.60064455 40 1.60064320
17 1.60063609 41 1.60063464
18 1.60065083 42 1.60065000
19 1.60065093 43 1.60064946
20 L.60065089 44 1.60064935
21 1.60065073 45 1.60064951
22 1.60065092 46 1.60064924
23 1.60064983 47 1.60064788
24 160064400 48 1.60064197
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Table A2d, Effect of guarding at silver point, thermometer $202.—Continued

No.! Thermometer resistance? No.  Thermometer resistance
Both External Internal No Both External Internal No
Guards Guard Guard Guard Guards Guard Guard Guard
49 1.60063237 52 1.60064660
50 1.60064810 53 1.60064631
51 L.80064700 54 1.60064501

12 Sea footnote of Table A2a.

Tahle AZe. Effect of guarding at silver point, thermometer 8204.

No.! Thermometer resistance? No.  Thermometer resistance
Both External Internal No Both External Internal No
Guards Guard Guard Guard Guards Guard Guard Guard
1 1.54820421 30 1.54821341
2 1.54821084 31 1.54821373
3 1.54821266 32 1.54821351
4 1.54821332 33 1.54821288
5 1.54821325 34 1.54821089
] 1.54821350 15 1.54821369
7 1.54821376 36 1.54821357
g 1.54821392 37 1,54821368
9 1.54821363 38 1.54821359
10 1.54821185 39 1.54821371
11 1.54821378 40 1.54821286
12 1.54821371 41 1.54821287
13 1.54821350 42 154821059
14 1.54821361 43 1.54821350
15 1.54821382 44 1.54821356
16 1.54821381 45 1.54821305
17 1.54821318 C 46 1.54821356
18 1.54821116 47 1.54821293
19 1.54821386 48 1.54821328
20 1.54821364 49 1.54821270
21 £.54821367 50 1.54821020
22 1.54821375 51 1.54821312
23 1.54821354 52 1.54821318
24 1.54821355 53 1.54821301
25 1.54821331 4 1.54821318
26 1.54821108 53 1.54821297
27 1.54821401 56 1.54821306
28 1.54821376 57 1.54821263
29 1.54821373 58 154821261

12 See footnotes of Table A2a.

Table A2f. Effect of guarding at silver point, thermometer §205.

No! Thermomster resistance? No.  Thermometer resistance

Both External Internal No Both External Internal No
Guards Guard Guard Guard Guards Guard Guard Guard

1 161914472 9 1.61914954

2 161915280 1 161914129

3 1.61915553 11 1.61915803

4 161915653 12 1.61915813

5 161915731 13 1.61915796

6 1.61915743 14 1.6191579%

7 161915755 15 1.619158560

8 161915587 16 1.61915636
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Table A2f, Effect of guarding at silver point, thermometer 8205,—Continued

No.! Thermometer resistance® No.  Thermometer resistance
Both External Internal No Both External Internal No
Guards Guard Guard Guard Guards Guard Guard Guard

17 1.61914904 38 1.61915773

18 1.6191408¢ 39 1.61915751

19 1.61915808 40 1.61915609

20 1.61915782 41 1.61914825

2) 1.61915787 42 1.61913994

22 1.61915749 43 1.61915756

23 1.61915748 44 1.61915748

24 1.61915669 45 1.61915719

25 1.61914880 46 1.61915722

26 . 1.61914080 47 1.61915693

27 1.61915787 43 1.61915708

28 1.61915801 49 1.61915726

29 1.61915779 30 1.61915712

30 1.61915791 51 1.61915721

31 1.61915779 52 1.61915681

32 1.61915617 53 1.61915736

33 1.61914839 54 1.61915669

34 1.61914015 55 1.61915660

35 1.61915767 56 1.61915658

36 1.61915781 57 1.61915638

37 1.61915745 58 161915644

12 See footnotes of Table A2a.

Table A3a, Immersion characteristics of thermometers in zine cell.’?

Station ? Resistance of thermometer number Station Registance of thermometer number
cm 80179 18227 18236 18237 cm 80179 18227 18236 18237

0 0.62564094 0.66881727 0.66111506 0.67483970 7 0.62563817 0.66881563 0.66111550 0.67483869
0 0.62564009 0.66881635 0.661115—60 0.67483926 6 0.62563851 0.66881562 0.66111561 0.67483381
0 0.62563969 0.66881612 0.66111562 0.67483920 0 0.62563869 0.66881598 0.66111585 0.67483930
0 0.62563923 0.66881629 0.66111546 0.674839_21 0 0.62563858 0.66881588 0.66111580 0.67483918
18 0.62469878 0.66772854 0.65999691 0.67377628 0 0.62563850 0.66881599 0.66111593 0.67483931
18 0.62468420 0.66769737 0.65997147 0.67371738 5 0.62563830 0.66881572 0.66111552 0.67483899
16 0.62532066 0.66845569 0.66074723 0.67446863 4 0.62563851 0.66881563 0.66111576 0.67483919
14 0.62555932 0.66871951 0.66101985 0.67474217 3 0.62563848 0.66881566 0.66111565 0.67483923
12 0.62562814 0.66880302 0.66110364 0.67482532 2 0.62563854 0.66881561 0.66111586 0.67483919
10 0.62563737 0.66881433 0.66111437 0.67483735 1 0.62563843 0.66881586 0.66111592 0.67483946
0 0.62563886 0.66881583 0.66111589 0.67483939 0 0.62563836 0.66881582 0.66111589 0.67483920
0 0.62563878 0.66881593 0.66111572 0.67483913 0 0.62563841 0.66881591 0.66111581 0.67483919
0 0.62563872 0.66881580 .66111571 0.67483926 0 0.62563846 0.66881569 0.66111578 0.67483930
10 0.62563703 0.66881444 0.66111416 0.67483761 0 0.62563843 0.66881570 0.66111577 0.67483935
9 0.62563784 0.66881497 0.66111503 0.67483833 0 0.62563840 0.66881587 0.66111591 0.67483913
8 0.62563799 0.66881528 0.66111545 0.674838638

'Resistance determinations made at 5 min intervals.
IStation: distance {cm) thermometer raised above full immersion,

3All determinations made with normal messuring current.
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Tahle A3b. Immersion characteristics of thermameters in zinc cell,'?

Station? Resistance of thermometer number
o 8202 §204 8205
] 0.95931822 0.92788595 097041322
o 0.95931846 0.92788611 0.97041326
D 0.95931850 0.92788615 0.97041342
0 095931844 0.92788625 0.97041309
18 ¢.55818532 0.92679249 0.96920870
18 095816807 0.92676693 096918238
16 0.95884974 0.92745253 0.96990494
14 0,95922028 0.92779867 0.97029903
12 0,95930572 0.92787549 057039663
10 0.95931639 092738322 0.97040958
0 $.95931835 0.92738518 097041311
0 0.9593187¢ 092788625 0.97041361
0] 0.95931866 0.92788612 097041344
] 0.95931875 0.92788634 0.97041330
10 0.95931649 0.927588339 0.97041009
9 0.95931708 092788429 0.97041080
8 0.95931786 0.92758468 0.97041149
7 0.9593181% 0.927838521 0.97041190
6 0.95931812 0.92788541 0.97041214
0 0.95931881 0.92788616 0.97041331
0 0,95931876 {.92788638 0.97041326
0 0.95931920 0.92738636 097041333
0 0.95931870 0.92788626 097041335
5 0.95931818 0.92788564 0.97041231
4 0.95931882 0.92788588 0.97041266
3 0.95931856 0.92788584 0.97041285
2 0.95931876 0.92738607 0.97041311
1 0.95931850 0.92738622 0.97041325
0 095931215 0.92738619 097041332
Q 0.95931833 0.92788620 0.97041322
0 095931903 0.92788607 0.97041312
0 0.95931882 0.52788632 0.97041306
0 0.95931895 0.927886135 0.97041351
LZ38ee footnotes of Table Als.
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An apparatus is described which can be used for PVT and compressibility measurements on supercritical
fluids from near room temperature to 600 °C and pressures to 35 MPa. Two separate experimental techniques
are employed to obtain PV'T data over a broad range of the state surface, Burnett expansions are performed to
generate compressibility factor (or equivalently density) data along a well-behaved supercritical isotherm. A
series of isochoric measurements is then made to extend the temperature range. Densities assigned to the
isochores are determined from their intersection with the previously measured Burnett isotherm or gravimetri-
cally. A computer is used for experimental control and for data logging. Isochoric measurements lasting several
days can be performed routinely and without operator attention. The apparatus has been tested on propane to
a temperature of 325 °C. The density data, estimated accurate to £0.1 percent, are in excellent agreement with

other existing data.

Key words: Burnett method; compressibility; density; fluids; propane; PVT behavior.

Introduction

Perhaps the single most important property of any
compressible fluid is its PVT behavior. An accurate and
precise description of the PVT surface can, in principle,
be used to calculate most equilibrium properties. PVT
data are also required to analyze experimental data on
other quantities and to perform engineering design cal-
culations on fluid handling systems. Wide range PVT
data for the many technically important fluids at

About the Authors, Paper: G. C. Straty is with the
Chemical Engineering Science Division of the NBS
National Engineering Laboratory, while A. M. F.
Palavra serves with the Centro de Quimca Es-
trutural, Complexo Interdisciplinar, in Portugal’s In-
stituto Superior Tecnico. The work they report on
was carried out for the Department of Energy, Office
of Basic Energy Sciences.

elevated temperatures are, however, often scarce and in
some cases are nonexistent.

We describe here an experimental apparatus that can
be used for PVT determinations on fluids above room
temperature. Two separate experimental techniques are
used to obtain data over a broad range of the state sur-
face (see fig. 1). The well known Burnett [1]' method of
successive gas expansions is used to establish the density
behavior for the fluid along a well-behaved supercritical
isotherm. The maximum temperature of such mea-
surements is, however, limited by such things as the
compatibility of valve packings and the pressure trans-
ducer with the elevated temperatures. The measurement
of pressure versus temperature along a nearly isochoric
path (pseudo-isochores) in a second experiment is then
used to extend the temperature range. Densities assigned
to the pseudo-isochores can be determined from their
intersection with the previously measured isotherms.

Figures in brackets indicate literature references and explanatory
notes at the end of this paper.
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Figure 1—Schematic of the P-T
plane for a typical fluid. Densities
along the Ty isotherm are ob-
tained wsing a Burnett expansion
technique. P-T' measurements
#long pseudo isochores are then
made to extend the temperature
range from near critical tem-
perature to Ty Isochore densi-
ties are pbtained from their inter-
section with the Ty tsotherm.
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Principal objectives in the design of the apparatus
were: 1) the apparatns should be capable of mea-
surements covering a broad temperature and pressure
range, 2) the determined densities should be indepen-
dent of the data accuracy for any calibration fluid, and
3) the apparatus should be automated as much as possi-
ble to minimize the necessity for operator attention.

The apparatus is capable of operatien from near room
temperature to about 600 °C at pressures to over 35
MPa. Densities can be determined by using two com-
pletely independent techniques, the Burnett methed in-
volving successive fluid expansions, or a gravimetric
technique involving only the well known density of wa-
ter used for volume calibration purposes. A small desk-
top cemputer is employed for experimental control,
data logging, and partial real time data analysis. Mea-
surement runs along isochores taking days to complete
can be performed automatically and without operator
attention.

Experimental

The experimental apparatuses are illustrated sche-
matically in figure 2. The Burnett system [shown in a)
and b) of fig. 2] consists of three spherical cells of differ-
ent volumes and a diaphram type differential pressure
transducer with valving as shown. The cells with noma-

Tax & 600°C

nal volumes of about 200, 120 and 40 cm’ allow different
volume ratios to be selected. These elements are sus-
pended from a thermally insulated platen which forms
the top closure to a thermostated bath used for tem-
perature control. This arrangement is similar to that
described previcusly in detail [2].

Mixed liquid baths are usnally preferred and have
traditionally been used for thermostating in this type of
experiment. Because of the elevated temperatures of this
work, however, a commercially available oven with
vigorous circulation was modified for the purpose. Air
is normally used as the convective heat transfer fluid
but, for safety reasons, a continuous gas purge (typically
nitrogen} is emploved for work on flammable samples.

Even though the heat transfer gas is vigorously
mixed, substantial temperature differences can exist
over the oven volume, To minimize these differences,
the components are encased in a massive aluminum
block [not shown in a) of fig. 2 for clarity]. The typical
arrangement is shown in b) of figure 2. Space is pro-
vided around each component to partially decouple it
thermally from the block and to permit free flow of the
heat transfer gas around the components. This arrange-
ment reduces temperature differences to a few tenths of
a degree. Further reduction in temperature differences
is accomplished by using very low power shimming
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Figure 2— Schematic of the a;;paratuses. a) Burnett system showing cells, valving and piping. b) Burnett system showing the arrangement for
temperature control, ¢) Isochoric system. In a), ¥y, F3, Vi=three spherical cells and DPI=differential pressure transducer. In a), b}, ¢),
F=forced convection fan and MH=main heaters. In b) and c), SH=shim heaters, PRT=platinum resistance thermometer and
AB=aluminum block. In ¢), QBTG =quartz bourdon tube gauge (pressure) and C=condensate cell.
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heaters located in the air stream above each major com-
ponent.

By means of diaphram type differential pressure trans-
ducers, pressures in the Burnett experiment are mea-
sured by referencing to oil pressure derived from an oil
operated commercial pressure balance with a stated ac-
curacy of 0.015%,

A spherical configuration was chosen for the cells to
allow a more accurate calculation of the change in cell
volumes with pressure, Each cell was constructed with
an identical ratio of outside to inside diameter to provide
maximumn error cancellation in the calculated volume
ratios.

The system employed for the isochoric measurements
is illustrated in ¢) of figure 2. This system consists of a
single spherical cell with nominal volume of 120 cm’,
encased in an aluminum block and suspended from a
second insulated platen. To change experiments the
Burnett system is simply replaced in the oven by the
isochoric system.

Since the isochoric measurements can be made up to
the maximum temperature of 600 °C, it is necessary to
locate the valve and the pressure transducer in a less
hostile environment. The valve and piping are enclosed
in a second oven, maintained at the temperature of the
initial Burnett measurements, where the density has al-
ready been determined, to allow a more accurate cor-
rection to be made to the assigned densities along the
isochores,

Pressures along the isochores are determined from the
vibration frequency of a commercial 0-40 MPa quartz
transducer, calibrated frequently against the primary
dead weight pressure balance. The transducer is esti-
mated to be accurate to better than 0.05% full scale. The
pressure transducer is located outside of the ovens in an
enclosure thermostated at 40 °C,

Volumes of the isochoric cell, piping, valve, and pres-
sure transducer were calibrated by low pressure nitro-
gen gas expansions from a volume previously calibrated
by water weighing. This procedure allows isochore
densities to be determined by weighing the sample after
a run and provides a completely independent check on
the densities determined in the gas expansion mea-
surements.

Temperatures in both experiments are measured by
using a platinum resistance thermometer (PRT) cali-
brated on the IPTS-68 by the National Bureau of Stan-
dards. The PRT is used to measure the temperature of
the aluminum block. Temperatures of the components
are then calculated from the block temperature and
from any small temperature differences existing be-
tween the block and the components as determined by
suitably placed differential thermocouples.

In use, either apparatus is suspended from a support-
ing structure. A mechanism for manipulating the ovens
to enclose the apparatus for an experimental run and to
retract them to provide access to the components is
provided. For safety reasons, when working with toxic
materials, the support structure is enclosed in a manner
similar to a ventilation hood and is continuously aspi-
rated by an exhaust fan located on the laboratory roof.

Computer Control and Data Acquisition

A computer was used for both experiment control
and data acquisition. The series of Burnett mea-
surements necessarily involved manual valve and pres-
sure balance manipulations. In this case, the computer
functions primarily as a thermal controller to bring the
various elements of the apparatus into thermal equi-
librium at the same temperature. The PRT and thermo-
couples are interrogated under computer control at a
programmed time interval, usually about 30-40 s, using
a scanner of custom design. Scanner relays were pur-
chased commercially and had a claimed thermal EMF
of less than 0.02 pV. Potentials are measured with a
DVM with nanovolt resolution. Primary thermometry
is performed by taking the ratio of the potential across
the PRT and the potential across a series connected
standard resistance of 50 (), carrying a current of less
than 0.001 A, using a single DVM for the measurement.
Two ratio determinations are made for each tem-
perature measurement with current reversed for each.
Averaging the two measurements minimizes the errors
due to residual thermal EMF and tends to cancel DVM
zero offsets. Temperature differences between the vari-
ous apparatus components, calculated by the computer
from the measured differential thermocouple potentials,
are used to activate the shimming heaters to bring all
elements to the target temperature. In equilibrium, tem-
perature differences are typically maintained to better
than +0.025 °C at 250 °C. Since corrections are made
for these temperature differences in the data analysis,
differences of as much as 0.1 °C are considered toler-
able. Data are logged onto hard copy and cassette tape
after equilibrium is achieved, as determined by the oper-
ator.

The P-T measurements along pseudo-isochores are
performed almost completely under computer control.
Only initial filling of the system and subsequent venting
or weighing of the sample at the end of a run is required
of the operator.

In operation, the computer selects the prepro-
grammed temperature, sets the oven temperature and
then determines the block temperature, cell tem-
perature, and the rate of approach of the cell to the
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target temperature by interrogating the various thermo-
couples and the PRT at programmed intervals of about
30-40 s. When the cell temperature is within 0.1 °C of
the target temperature, the computer establishes a hold-
ing mode where the temperature contrel is continuously
refined. Temperatures normally oscillate only a few
hundredths of a degree about the target temperature in
this mode. After an equilibration time (usually one hour)
the data are logged onto hard copy and cassette tape, but
only if programmed limits of temperature deviation and
temperature and pressure drift rates are satisfied. The
experiment is automatically shut down after a preset
maximum pressure or temperature is reached. The sam-
ple is then manually vented, or it can be condensed into
a small cell maintained at liquid nitrogen temperature
for subsequent weighing,

Isochoric runs on propane at temperatures up to
325 °C, taking 50-60 h to complete, were carried out
completely without operator attention. An automatic
dial-up smart MODEM is interfaced with the control-
ling computer and allows experimental progress to be
monitored and controlled by telephone from any remote
site using a portable terminal or personal computer. Ex-
periments usually are run continuously including eve-
nings and weekends.

Data Analysis

The usual Burnett experiment involves the expansion
of the sample gas from an initial volume ¥ into a second
evacuated volume V5. Pressures before and after the
expansion are measured. After isolation of V| and evacu-
ation of V3, the process is repeated successively to low
pressure. For any particular expansion.

P; Z;
L=t N, i
P~ Zoa M
P .
where P=pressure, Z=———, p=density and
Vit V; PRT
M:%. It is assumed here that the temperatures of
1

¥, and V, are constant and identical and it is recognized
that the volume ratio IV; is slightly pressure dependent,
A number of ways to analyze such data have been
suggested [4-6]. One common way is to express the com-
pressibility factor Z as some function of pressure

Z=F(P). @)

Least squares analysis can be applied to the experimental
data using eq (I) to determine the volume ratio XV, at
zero pressure and the parameters of F(P). If F(P) is a
virial equation the determined parameters can be identi-

fied with the virial coefficients provided that the range
of the data falls within the region where the virial equa-
tion is valid and the proper number of terms have been
retained in the virial series. Considerable attention has
been devoted to the problem of how to determine the
proper number of terms to retain in the virial expansion
[4-6]. The object of this work, however, is to obtain
densities. We avoid the problem of the virial coefficients
and use F(P) only as a fitting function. The method can
usually be used with data up to a maximum pressure
corresponding to a density somewhat less than the crit-
ical density, Densities for higher pressure points can be
obtained from the lower pressure data using the cell
constant since

pi=(pi )N, (3)

Even though it is possible to obtain the cell constant
N, from a single fit to the experimental data, it is com-
mon, and often more accurate, to obtain it from a sepa-
rate calibration experiment using a highly ideal fluid,
usually helinm. Extrapolation of the pressure ratio
P,/P,, | to zero pressure yields the volume ratio directly
since Z is identically one at zero pressure. A major
advantage of the Burnett technique is that it is not neces-
sary to do extensive, individual volume calibrations on
the system, since only the volume ratio, which can be
obtained from the expansion data, is required for data
analysis.

For this work, the analysis is complicated by the fact
that small temperature differences are allowed to exist
between the volume elements composing the system.
Equation (1) becomes

P Vi Ta Za
Pi+l_f§1 Vio Ty, ZH—l,j’ @
where the system is now considered to consist of »
volume elements which include the primary volumes V;
and ¥; plus the volumes of connecting piping, valves
and pressure transducer all at slightly different tem-
peratures. The particular volume element is identified
by the second subscript while the first subscript indi-
cates the particular expansion as before. In general it is
no longer sufficient for accurate data analysis to know
only the cell constant N;; the magnitude of all volume
elements must also be known individually as well as
certain density derivatives of the state surface.
For this analysis, the concept of a cell constant is
retained but now

=

Ve
No= _0;_1" 5
] =i VU.I ( )
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where the subscript 0 again indicates £;=0 and all vol-
ume elements are at the target temperature 7. The V,
can be expressed in terms of the Vg as

Vii=Vo,; (1+a AT, ) (1+8; ), ®

where a=volume thermal expansion coefficient,
B;=pressure dilation coefficient for volume j and the
AT, ;=T,,—T are the deviations from the target tem-
perature 7. If the AT <7 and recognizing the fact that

11 (1+BI i )Zrl
o (14+BP) Zipy;

=1, (7)

eq {4) can be used to obtain, after some manipulation and
small approximation,

Noslim 1+ ATy) 7+ (=) 3 70T, ®)
Equation (8) is used to obtain the cell constant N using
calibration data measured with helium. The first term on
the right contains measured quantities. The second term
is of order 10~* N, which allows the use of calculated
values for the individual volume ratios (¥;,;/Vo,)} with-
out introducing significant error in the value of IV, ob-
tained.

Using eq (6) in eq (4) the expression describing any
expansion becomes

P,- Z:IT:'1 i_d(l+ﬁ)P¢+l+aA]:+lj) (9)
Py 14aAT, +BiP 51 Wy, Ziv1,iTie,;

where the very small terms in a8 have been ommitted
for clarity but which are included in the actual data
reduction programs. For AT<«T it is assumed that

AZy; _3Z;
3 T, ;T
temperature T is related to Z;; by

— and the compressibility factor Z; at the target

1 aZ;
U—Z|:1+Zf aTl ATj.j:l.

Equation (9) can then be written, again after some ma-
nipulation, as

(10

P, Z; 1 32,
Femr| 1tz 5|, AT
( )(A +P B +al an
T 1+ B/Pi+aAT;, )
where
_ 1 3pu| 3 Yoy
A_N0+P!+l aT pJ'El VO,t AT’I’»H]: (12)

L A 1 apiq| 2 Vg
_< Yo ePist Yo
B—J'El Vaa BJ+P£+1 o PJ=21 Voa™ By AT,y (13)

and

c=3 Yoipr,, oL 2P

17
[1]
7 P Ye s Yuiary,, .14

ri=1 V

For AT =0 this reduces to the isothermal Burnett situ-
ation. The N, in eq (12} is the largest term and is deter-
mined from the helium calibration runs. The remaining
terms in (12), (13) and (14) are of order 107* N, or
smaller and are treated as small correction terms for
which calculated values of the (¥, ;/V;,) are again used
and for which it is sufficient to wse only approximate
values for the derivatives. Taking the logarithm of (11)
to get

InP; —InP,,,=InZ,—InZ, +1nNy+

[corrections < 1074 (15)
yields the working equation which was used, together
with eq (2) in the analysis of the lower pressure Burnett
data. Densities at the higher pressures in the Burnett
measurements are obtained from the lower pressure
densities of that run using the analogue of eq (3), which
for this apparatus becomes

PI=P|'+IN;: (16)
where N] is an effective volume ratio given by
NP @JAT,H,
' PH’l aT pi=1 V;l
Ni T op, . an

Data for Propane

Numerous PVT data for propane up to 325 °C have
been published. To verify the performance of the appa-
ratus and to confirm the accuracy of the data analysis,
limited measurements on propane to 3235 °C have been
made and have been compared with the literature val-
ues, Propane samples were research grade certified to be
of 99.99% purity.

The two largest cell volumes were used for the expan-
sions. Four expansion runs at 250 °C using helium were
first made from a maximum pressure of about 5 MPa to
a minimum pressure of about 0.13 MPa in order to de-
rive the cell constant Ny, A value of Ny==1.60702+.0001
resulted from the analysis of pressure ratios using eq (8)
and this value was used in the propane analysis.

Three expansions runs on propane at 250 °C, consis-
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ting of a total of 30 pressure observations, were made
[7]. Pressures ranged from a maximum of about 35 MPa,
corresponding to a density of about 1.6 times the critical
density, to a minimum of about 0.14 MPa,

The data are separated into two groups for analysis.
At lower pressures, corresponding to densities less than
the critical density, the data from all runs could be ana-
lyzed simultaneously using an expression for the com-
pressibility Z in terms of pressure [8]. Since it is the
nature of Burnett experiments to concentrate the data at
the lower pressures, only the highest pressure point on
each run could not be handled in this manner.

For data below 17 MPa the compressibility factor Z -

was represented as
" P i
Z—1+i§1 B,(FO), (18)
where Py=17 MPa and was used with eq (15) for fitting
purposes. Data were fitted, in the sense of least squares,
by minimization of the difference between the left and
right sides of eq (15). For pressures below 1.3 MPa,
differences were weighted by P! to reflect the de-
creasing relative accuracy of the pressure balance at the
lower pressures [8]. Other data were assigned a weight
of 1. However, the results of the fit were insensitive to
the weighting. For simplicity, derivatives appearing in
the small correction terms of eq (15) were evaluated
from a recently formulated correlation of propane data
[9]. In the absence of derivative data, however, an inter-
ative procedure can be used with equally good results.
In this case a best estimate of the derivatives, based on a
corresponding states approach, for example, could be
used, or the correction terms could be ignored in first
approximation. At the completion of the experiments,
when the isochoric data are available, the derivatives
can be estimated and successive iterations performed.
Coefficients for eq (18) are shown in table 1. Burnett
density results are tabulated in table 2 along with the
densities obtained gravimetrically during the isochoric
measurements.
It must be emphasized that eq (18) is simply a fitting
function, and its coefficients cannot be identified with
the virial coefficients, although the coefficient of the

Table I. Coefficients of equation (18).

B; = —4.14084758401E—01
B;l_ = 0

B] = 0

By = 4.01931812102E-01
B; = —2.20024107867E—-01
Bs = 9.14412474575E—03
B, = 4.22392090629E—02

Table 2. Densities along the 250 °C isotherm obtained from the
Burnett measurements and gravimetrically (the latter marked with*).

P (MPa) p (mol/dm?) P (MPa) p (mol/dm?)
34.614 7.857 Tz 0.937
33.953 T7.784* 3.501 0.879
28.960 7.241* 2.962 0.734
25.118 6.714* 2.390 0.583
22.311 6,252 2.250 0.547
20.322 5.864 1.894 0.456
20.277 5.843* 1.521 0.363
16.261 4.891 1.430 0.341
12.922 3.891 1.200 0.284
12,719 3.827* 0.960 0.226
12.185 3.649 0.902 0212
10.384 3.044 0.755 0.177

8.536 2.421 0.603 0.141
3.083 2271 0.566 0.132
6.922 1.895 0.473 0.110
5.674 1.507 0.354 0.082
5.364 1.413 0.221 0.051
4.566 1.17¢

linear term is in reasonable agreement with published
second virials for propane at 250 °C [10,11].

Densities for the highest pressures on each of the
three runs were calculated from the next lower density
of that run using eq (16).

Pressure measurements were made as a function of
temperature at fixed total amounts of fluid using the
isochoric system to extend the temperature range. Pres-
sures were measured along 10 pseudo-isochores cov-
ering a density range of 1.7 to 7.7 mol/dm® Obser-
vations were made at 10 °C intervals up to 150 °C and at
25 °C intervals up to 325 *C and to a maximum pressure
of about 34 MPa. For isochores intersecting the 250 °C
isotherm below 8.5 MPa the densities assigned to the
pseudo-isochores were calculated from the intersection
pressures using eq (18).

Since the data are concentrated at the lower pres-
sures, the density data above 8.5 MPa were too widely
spaced to permit accurate interpolation. To fill in these
gaps several isochoric runs were terminated by con-
densing the samples into a cell held at liquid nitrogen
temperature for the purpose of weighing. Sample
weights were determined to better than +0.01 gram and
densities at 250 °C were calculated using the volume
calibration data for the isochoric system. Uncertainty in
densities determined gravimetrically is estimated at bet-
ter than +0.19% due primarily to the uncertainty in vol-
ume calibrations, These densities are tabulated in table 2
along with the Burnett densities. Densities for pressures
above 8.5 MPa, determined by both the Burnett and
gravimetric methods, were used in a polynominat fit of
pressure versus density, which in general represented
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the densities to better than 0.05%. This function was Table 3. Propane densities along pseudo-isochores.
used to calculate the densities assigned to the pseudo- = ; = -
isochores intersecting the 250°C isotherm above FMPa) TCC p(mol/dm’)  P(MPa) 7(C) p (mol/dm’)

8.5 MPa. 5.191 99.999 7.314 5.606 119.994 3.855
In calculating the densities along the pseudo- 6707 109988  7.308 6.175 129.995  3.853
isochores, corrections were made for fluid residing in 3260 119996 7.302 6.741 140000 3.850
.. 9.831  130.004 7.299 7.296 149.998 3.848
the piping, valve, and the pressure transducer as v-vel! a5 11416  140.000 7204 8678 174998  3.843
for the effects of thermal expansion and pressure dilation 13003 149,938 7.288 10041 199994  3.836
of the cell. Data along the pseudo-isochores are 17.003 174979  7.275 11388 225003  3.830
presented in table 3. 21015 199.993  7.262 12719 249.987  3.824
Density data along several isotherms are compared ;4'32(3} ii‘;ggi ;‘250 i‘;"gi? ;gg‘gg'* 3'33

with the literature data [11-14] in figure 3. Density devi- B ) 239 ) 053
ations are plotted relative to an equation of state for 5570  110.003 5.899 16,635  324.943 1.805
propane [9] used as a baseline. This was done to elimi- 6587 119.998  5.804 7470 129999 5734
nate the need for multiple interpolations when com-  7.620 129.999  5.890 8.467 140023 5730
paring data at slightly different temperatures. Absolute 8.662  139.992 5.888 9.468 150.001 >.728
. . oy 8712 150.016 5.884 11,983 175014 5718
deviations in figure 3 reflect only the ability of the equa- 12.345  175.000 5873 14498 200.018 5708
tion of state to reproduce the experimental data. Excel- 4081 199999 5.863 17009 225.033 5,608
lent agreement between data sets is indicated, however, 17.613 224,99 5.853 19.504 249980  5.689
by the fact that all the experimental data lie in a band of =~ 20227 249.985  5.843 21985 275002 5.680
about 0.19% which is well within the combined experi- #1380  89.991 7.875 24449 300021 5.671
mental errors. The excellent agreement between closely 5950 100.002 7.868 26.891 325023 5462
spaced densities along the 250 °C isotherm obtained in 7768  109.993 7.861 4366 119988  2.653
the Burnett measurements, the gravimetric mea- 9614 119994  7.858 5217 129989  2.651
surements and from the literature data verify the per- 11477 130.004  7.852 5.564 140030 2.649
formance of the experimental apparatus and confirm an 13330 140.007 7.845 3905 149.996  2.648
estimated accuracy of about +£0.19 for the Burnett 15.230 - 149.991 7.839 6.744  175.023 2644
19.941  175.006 7.825 7.566 200.039 2.640
data. 24.646  200.015 7.812 8.374 225034 2.636
29.319  225.001 7.799 9.169 249.968 2.632
33953 250.005 7.187 9.955 274.960 2.628
References 4304 100000 6783 10734 209980  2.624
6.082 110.002 6,778 11.504 325.041 2.619
[1] Burnett, E. S. Compressibility determinations without volume 7397  {19.996 6.772 5.134  119.995 3.013
measurements. F. Appl. Mech. 3: A136; 1936. 8.735 120.999 6.770 5.549  130.011 3.011
[21 Pope, G. A,; Patsy S. Chappeleav and Kiki Kobayashi. Virial 10087  139.996 6.765 5.957 140.011 3.009
coefficients of argon, methane and ethane at low reduced 11449 150021 6.760 6359 149.97¢ 3.007
temperatures. J. Chem. Phys. 59: 423; 1973, 14.869  174.997 6.747 7.354 174.989 3.003
[3] Only general operating characteristics are discussed. Lengthy 13298 199.995 6.735 8.323  199.998 2.998
descriptions of electronic instruments, logic circuitry and 21721  225.006 6.724 9.282  225.023 2.994
computer software have been omitted. It is this author’s 25918 250.006 6.713 11.160  274.984 2,084

opinion that these elements, if not standard, are unique to a

given apparatus and that each experimenter tends to de-  28.498  275.021 6.703 12.084 300.032 2.980
velop these systems independently. More specific informa-  31.853  300.032 6.693 12,996  324.977 2.975
tion can be obtained through personal communication, 6.020 120.012 4.805 3722 110000 1.77%
[4] Hall, K. R, and F. B. Canfield. Optimal recovery of virial 6.779  130.006 4.802 3.935 120,001 1,778
coefficients from experimental compressibility data. Phys- 7.539 140,011 4,798 4,145 130,004 1.777
ica 33: 481; 1967. 8.298 150.001 4.795 4352 140.009 1.776
[5] Hall, K. R, and F. B. Canfield. A least-squares method for 10,192 175.012 4.789 4.556 150.001 1.775
reduction of Burnett data to compressibility factors and 12,073 199,970 4.781 5.058 174.999 1.772
virial coefficients. Physica 47: 99; 1970, 13.946  224.994 4772 5350 199.996 1.770
[6] Wiclopolski, P., and W, Warowny. A fast least-squares method  15.801  250.005 4.764 6.035 224995 1,767
for reduction of Burnett data to compressibility factorsand  17.642  274.943 4.756 6.512 249,994 1.765
virial coefficients. Physica 91A: 66; 1978. 19.462 299.904 4.749 6,984 275.029 1.762
[7] Due to the many corrections that are made to the raw experi- 21,282  324.917 4741 7.449 299.971 1.760
mental data in the analysis, only analyzed data are given 4.443 99.998 3.860 7911 325.020 1.757

here, Raw data can be obtained from the author through 5031 109.999 3.858
personal communication,
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Figure 3—Comparison of density
data from various sources:
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The longwall method of mining in underground coal seams is very efficient in uniform seams, but coal seam
anomalies can make the method unprofitable and unsafe. This paper describes the theoretical basis for detection
of coal seam anomalies using medium frequency (MF) radio transmission over paths on the order of 200 m in
length. The key to the method is the sensitivity of the attenuation rate of the coal seam mode of propagation to
changes in the coal seam parameters, such as height or electrical conductivity. From a large number of
transmission paths, the principles of tomography can be used to reconstruct an image of the seam.

Key words: attenuation rate; coal seam; geophysical tomography; linear equation inversion; loop antenna;

medium frequency.

1. Introduction

Most coal seams are horizontally bedded deposits on
the order of a few meters in thickness, and an ideal seam
is fairly flat with little variation in thickness over a large
region. In the longwall method of coal mining [1]', two
horizontal parallel entries separated by approximately
150 m are driven in the coal seam. The coal between the
two entries is then mined out as the “longwall” retreats.
The longwall method is very efficient for uniform coal
seams, but coal seam anomalies can make the method
unprofitable and unsafe. A remote sensing method that
could detect coal seam anomalies would be extremely
useful.

Seismic methods are currently being explored in coal
seams [2], but their effectiveness is as yet un-
demonstrated. Underground radars using VHF (30
MH2z-300 MHz) have been used for some short-range
applications, but they do not have sufficient range [3] to

About the Author: D. A. Hill is an electronics en-
gineer in NBS’ Electromagnetic Fields Division.

!Figures in brackets indicate literature references at the end of this
paper.

probe the entire coal panel between the longwall entries.
During the 1970s, it was found that communication be-
tween loop antennas using MF (300 kHz—3 MHz) was
possible in coal seams for horizontal ranges up to several
hundred meters [4,5]. The dominant mode of propaga-
tion at MF in coal seams is TM (transverse magnetic)
with the magnetic field horizontally polarized. Because
the electric field is primarily vertically polarized with
only a small longitudinal component, the mode is nearly
TEM (transverse electromagnetic) and is commonly re-
ferred to as the quasi-TEM mode or coal seam mode.
And because the propagation constant of the quasi-
TEM mode depends on the coal seam parameters (thick-
ness and electrical properties), it should be a useful
mode of propagation for remote probing of the coal
seams.

This paper’s purpose is to explore the theoretical fea-
sibility of using MF radio transmission in remote sensing
of coal seams, and its remaining sections are organized
as follows. In section 2, the propagation constant and
the field distribution are studied for a uniform coal seam.
The dependence of the attenuation rate on the seam
parameters is of particular importance. In section 3, the
excitation of the TEM mode by a vertical loop
(horizontal magnetic dipole) is analyzed. In section 4,
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transmission through a longwall coal panel is examined
and the question of how to process the transmission data
is explored. This is an area where further work is re-
quired. In section 5, conclusions are presented, and areas
for further work are suggested.

2. Attenuation Rate and Field Distribution
for the Quasi-TEM Mode

The geometry for a uniform coal seam is shown in
figure 1. The seam has thickness 24, and the coal permit-
tivity and conductivity are €, and o respectively. The
permittivity and conductivity of the surrounding rock
are € and o, respectively. Free space permeability p, is
assumed everywhere.

Srp O'r
L 3
h
€c10¢ y * =X
h
¥
Sr,or

Figure 1—Geometry for a uniform coal seam of thickness 2 4.

The time dependence is exp (j w?), and it is suppressed
throughout. The wavenumbers for the coal and rock, k.
and k,, are given by

kc = w\/uoﬁcc and kr B w\/}lfoﬁrc, (1)

where €,.,=€.—j o/w
and €.=¢,—j o,/ w.

The lowest order mode is transverse magnetic (TM),
and for propagation in the x direction it has only an H,
magnetic field component. The mode equation for this
lowest order mode has been given elsewhere [6,7], but
we will derive it here because we need the resultant field
expressions in the coal and in the rock. H, must satisfy
the following Helmholtz equation:

(V*+kHH,=0, |z| <h

(V*+kHH,=0, |z|>h. ?)

The lowest order mode is even in z, and we also
require that H, is propagating in the x direction and
satisfies eq (2). Thus we can write H, in the coal
(|z| <) in the following form:

H,=H, exp(—j k. S x) cos (k. C z), 3

where S2+C?=1.

H is an arbitrary constant, and S is a normalized propa-
gation constant which must be determined from the
mode equation. The fields are independent of y, and the
x and z components of the electric field, E, and E,, are
given by the following for |z | <A:

=.—1 ﬁlandE,: L 2 H,
waCC

0z Jowe, 9x’

@

X

Substituting eq (3) into eq (4), we obtain the following
expressions for E, and E,:

Ey,=—j CmncHyexp (—j k. S x) sin (k. C z),

E,=-8 Ne H, €Xp (_.] kc S-x) cos (kc CZ)) (5)

where nc=\/p,o/ €cc

For z>h, H, must satisfy the Helmholtz equation in
eq (2). Also we require that H, must decay as z goes to
positive infinity. An appropriate form for H,forz>his

H}’ =A 23% (_J kc SX) €Xp (_J u Z), (6)
where u =V'k,’— k2 S?

and Im (#)<0.

A is an unknown constant, and Im denotes imaginary

part. E, and E, are again determined from Maxwell’s
curl equation:

Ex=-—1 3H,
Jo € 3z
e, exp (—j k. S x) exp (—j u z)
and @)
1 oaH, —k.S4 , ,
Ez:jwe ax”: we, SXP (—jk.Sx)exp (—juz).
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Similar expressions for H,, E,, and E, can be obtained
for z <h from the fact that H, and E, are even in z and
E,is odd in z.

Atz=h, H,and E, must be continuous which leads to
the following pair of equations:

Hycos (k. Ch)=A exp (—ju h),

—j C e Hysin (k. C h)= a‘)‘f exp (—ju k). (8)
From the first equation 4 can be written
_Hycos (k. Ch)
T exp(—juh)’ ©)

By substituting eq (9) into the second equation in eq (8),
we obtain the following mode equation to be solved for
C:

j ko Ctanh (j k. C h)+j u €/ €.=0. (10)
Equation (10) is consistent with earlier results [6-8], and
is in a form which is easy to solve numerically. The
solution of eq (10) by Newton’s method [9] is detailed in
the Appendix.

The reason that coal seams support a quasi-TEM
mode quite effectively is that the coal conductivity o is
normally much smaller than the rock conductivity o,
[4,7]. The propagation constant I' of the quasi-TEM
mode is given by

T=jk.S=jk. V1-C? 11)

where Re (I') >0,

C is determined from Appendix eq (A-3) and Re indi-
cates the real part. The attenuation rate of the coal seam
is the easiest quantity to obtain from transmission mea-
surements, and is given by 8.686 Re (I') in dB/m. Addi-
tional information is available from the phase velocity of
the quasi-TEM mode, but phase measurements have not
been attempted in coal seams.

In figure 2 we show the attenuation rate of the quasi-
TEM mode as a function of frequency for the following
parameters:

0.=10"*S/m, €./€=6, o;=10"" S/m, €,/€,2=15, and
2h =2m.

The permittivities are normalized to the free space value
€, The computer code, written to generate the attenu-
ation rate, was checked by comparing the results with
those of Delogne [7], and in all cases agreed to graphical
accuracy. As expected, the attenuation rate increases

0.30 T T T T T !

0.25[ ‘ .

0.201 ~

Attenuation Rate (dB/m)

0.15f .

0.10 1 I
0 500

| !
1000 1500 2000

Frequency (kHz)

Figure 2— Attenuation rate as a function of frequency. Parameters:
o.=10"*S/m, €./€p="6, o;=10""! S/m, €/€=15, 2h =2m.

with frequency just as it does for a plane wave in an
infinite rock medium. This indicates that the chosen
frequency should be as low as possible to increase the
range. However, there are two reasons for not choosing
too low a frequency. For remote sensing, the resolution
decreases as the frequency is decreased. Also, antenna
efficiency decreases as the frequency is decreased. As a
result of the tradeoff between attenuation rate and an-
tenna efficiency, the maximum communication range
between loop antennas in a coal seam was obtained for
frequencies on the order of 500 kHz [5].

In figures 3-5, we show the attenuation rate as a func-
tion of various seam parameters for a frequency of 500
kHz. Since the goal is to detect changes in seam param-
eters from measurements of attenuation rate, it is de-
sirable for the attenuation rate to be sensitive to changes
in the seam parameters. The most important thing to
detect in practical applications is a decrease in seam
thickness 2/. Figure 3 shows that the attenuation rate
increases rapidly as thickness decreases below 1 m. This
qualitative behavior can be predicted from Appendix eq
(A-6). In figure 4 the attenuation rate is seen to increase
as coal conductivity o, increases for both a plane wave
and the quasi-TEM mode. The behavior of the attenu-
ation rate as a function of rock conductivity o, is more
complicated, as shown in figure 5. For large o, the wall
loss decreases as o, is increased as indicated by the
second term in Appendix eq (A-6). However, as o, be-
comes small, more of the energy propagates in the rock,
and the attenuation rate decreases as o, decreases.
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Attenuation Rate (dB/m)

Figure 3-5— From above, clockwise: Attenuation rate as a function of
seam thickness. Parameters: f=500 kHz, o-.=10~* S/m, €./€y=6,
o:=10""' S/m, €/€,=15. Next, attenuation rate for both a plane
wave and the quasi-TEM mode as a function of coal conductivity.
Parameters: f=500 kHz, e/e=6, o=10"' S/m, /=15,
2h =2m. Finally, attenuation rate as a function of rock conductivity.
Parameters: f=500 kHz, o.=10"* S/m, e/eo=6, €./ =15,
2h=2m.

In figures 6-8 the electric and magnetic field distribu-
tions are shown for three different values of rock con-
ductivity o-,. The normalization field E, is the value of
E; at z=0 and is given by

Eo=n. S H,. (12)
All field components decay exponentially in the rock
(z>h), and the decay rate is most rapid for the largest
value of o-,. Inside the coal seam, H, and E, are the
dominant field components, and they are nearly con-
stant in z. Thus a vertical electric dipole or a horizontal
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magnetic dipole could be used to excite (or receive) the
mode, and they would be insensitive to the vertical pos-
ition. The horizontal electric field is zero at the center of
the seam and is fairly small throughout the seam. Thus
the mode is quasi-TEM. However, in the rock |E,| is
larger than |E, | because E, drops discontinuously to a
small value in the rock. Thus the electric current flow is
primarily horizontal in the rock. In addition to provid-
ing information on excitation of the quasi-TEM mode,
the field distributions in figures 6-8 also indicate how
anomalies in the seam will be illuminated,
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Figure 6— Electric and magnetic field distributions of the quasi-TEM
mode. Parameters: f=>500 kHz, oc=10"* S/m, e/€&,=6, o=10""
S/m, &/€=15, 2h =2m.

3. Excitation of the Coal Seam Mode
by a Vertical Loop Antenna

From the field distributions in figures 6-8, it is clear
that either a vertical electric dipole or a horizontal mag-
netic dipole will be effective in exciting the quasi-TEM
mode. Short electric dipoles (or monopoles) located in
or near a conducting medium are generally inefficient
because of near-field losses [10-12]. The near-field losses
are generally smaller for magnetic dipoles or small loops
[11,13], because the dominant near field is the quasi-
static magnetic field. Consequently loop antennas have
been considered best for communication in coal seams
[4,5]. In this section we analyze the excitation of the
quasi-TEM mode by a horizontal magnetic dipole (a
small vertical loop with its axis horizontal).
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Figure 7— Electric and magnetic field distributions for a higher rock
conductivity.

We consider a small loop of area 4 carrying a current
I as shown in figure 9. The loop is centered on the z axis
at z =z,, and the loop axis is in the y direction. Thus the
source can be considered a y-directed magnetic dipole
of moment I4. This source radiates both a continuous
spectrum of plane waves and a discrete spectrum of
waveguide modes. For sufficiently large horizontal dis-
tances, the continuous spectrum can be ignored because
it corresponds to highly attenuated waves traveling in
the highly conducting rock walls. Also all higher order
waveguide modes are highly attenuated because they
are all well below cutoff. This is because | k|24 is much
less than unity at MF. Thus only the quasi-TEM mode
which has no low frequency cutoff is significant at MF.

The excitation of the quasi-TEM mode has been con-
sidered by Delogne [7], and his result for the azimuthal
component of the magnetic field Hy is

klIA

Hy= 27h

A cos (k. C z) cos (k. C z5) K, (Tp) cos ¢,
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Figure 9— Vertical source loop (horizontal magnetic dipole) in a coal
seam.

where cos ¢=%, p=Vxi4+y? 13)

k2—k? sin (k. C 2h)|™"
2—k2C? (k,C2h) |’

A=|1+7

K, is a modified Bessel function [14], and C is deter-
mined from the solution of the mode eq (10). Equation
(13) is valid when both the source and the field point are
located in the coal seam (|z | <4 and |zy| <4), and this
is the usual case of interest. When |T"| p is large, we can
replace K (I'p) by its asymptotic expansion [14]:

~V T exp (—Tp).
Ky(Tp) Vzrp exp (—Tp) (14)

Using eq (14), we can rewrite eq (13) as

H4,~Hi28 V_T_ A cos (k. C z) cos
h " 2rp

(hc C ZO) €xXp [—J kc (S - I)P]’ (15)

where
2
C

exp (—J k. p) cos .

= 4ap
The reason for the normalization in eq (15) is that H; is
the far field of a magnetic dipole in an infinite coal
medium for the case z =z, Note that the cos ¢ factor
leads to maximum in the plane of the loop (y =0) and
nulls along the loop axis (x =0). The remaining factors
yield the effect of the surrounding rock walls. The first
factors involving p and 4 indicate that the coal seam
mode has cylindrical spreading whereas H; has spherical
spreading. A relates to the excitation of the mode. The
two cosine factors are the “height-gain” factors for the
source and the observer within the seam. The ex-
ponential factor arises because the propagation constant
of the mode is not the same as that of the infinite coal
medium.

For the case where the rock conductivity is much
greater than the coal conductivity (|4.|> |k.|), the ex-
pression in eq (15) simplifies considerably. In this case, C
and S are given approximately by Appendix eqs (A-5)
and (A-6):

Cz\lkLhandS=1+.—1-— (16)

J2kh'

Thus C is small, and S is close to unity. We assume that
k. C h is small compared to unity, and thus the cosine
factors are nearly unity:

cos (k; C z)=cos (k. C zp)=1. 17
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This means that the height of the transmitter and re-
ceiver within the coal seam is not important, and this is
consistent with the numerical results in figures 6-8. The
exponential factor can be simplified from eq (16):

exp [—j k. (S —1)pl=~exp (%,‘f) (18)

The excess attenuation over that of an infinite coal me-
dium is given by eq (18), and is seen to be inversely
proportional to that coal seam thickness 24. This is an
important result in remote sensing of the seam height.
The remaining factors in eq (15) can also be simplified
from eq (16), and the result for H, is

H¢=H,-\/% V_T__exp (—iﬂ>

7k h P\ 2k A (19)

4. Interpretation of the Transmission Data

In longwall mining there are normally two parallel
entries approximately 150 m apart, and these entries are
accessible for radio transmission measurements. A log-
ical measurement scheme is to step the transmitting and
receiving loop antennas along the entries as shown in
figure 10. If there are NN transmitting and N receiving
positions, then there are V? transmission measurements.
The loops are assumed to have their axes in the y direc-
tion, and the received voltage v is proportional to Hy

14 =_] ® Mo Aer’ (20)

where H,=H, cos &

and A, is the area of the receiving loop.

There are many possible methods for interpreting the
transmission data. Since the coal seam supports only a
single mode at MF, the attenuation rate of the quasi-
TEM mode is the most logical quantity to work with. If
we assume that the coal seam parameters vary slowly,
we can approximately neglect reflection and refraction
and assume straight ray propagation as indicated in fig-
ure 10. In that case the magnitude of H, for the i ray
path can be approximately written:

H, cos’ ¢; #
H,|= [—J a@,y)dpl, (@1
| | ,\/E CXp A

where H, is a constant depending on the transmitting
antenna and the coal seam parameters, a(x, p) is the
attenuation rate in nepers/m and depends on x and y, p;
is the length of the i*" ray, and ¢, is the angle of the " ray
with the x axis. The form of eq (21) is justified from the
theory for the uniform coal seam in the previous section.

y

Coal Panel

Entry
Entry

Transmitters
Receivers

Figure 10—Top view of a longwall mine. The transmitting and re-
ceiving loops have their axes in the y direction and are moved along
the parallel entries.

From egs (20) and (21), the magnitude of the received
voltage v; for the i™ ray path can be written:

|vi|=

Loy ([ awnan @)

i

where ¥V, is a constant which depends on both antennas
and the seam parameters. Taking the logarithm of both
sides of eq (22), we have

ki V, cos? ¢;
,y)dp=l1 _O__Q_
[e@ydp=h 7

In geophysical tomography [15-17], the usual approach
is to divide the intervening region into some large num-
ber of cells over which « is assumed to be constant. In
that case the path integral in eq (23) can be reduced to
a sum, and eq (23) can be written

23)

213 Dy X,=Y, (24

2
where Y;=In KQM,
v Vp,

X, equals the unknown attenuation rate a for the 1" cell,
D, equals the length of the it ray through the I cell as
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shown in figure 11, and |v;| is the magnitude of the
measured voltage for the i™ ray path. Since eq (24)
applies to all rays, the total system of equations can be

written in the following matrix forms:

[Da] [X,]=1Y:]. 25
[Y;]is a column vector with N2 elements corresponding
to the V? transmission measurements in figure 10. The
number of elements M in the unknown column matrix
[X:] equals the number of cells, and normally M is cho-
sen equal to or somewhat less than N2

Ray

Figure 11— Geometry for the /" ray. X;is the attenuation rate in the j*
cell.

In theory [X;] could be determined from eq (25) by
matrix inversion or pseudo-inversion:

X]=[Dy]7' [¥)], M=N?

or (26)

[X]= [[Di,JT [D,-,l]“ [DJT[Y)], M>N?,

where T indicates transpose.

In practice, the inversion of the linear equation in eq
(25) has several difficulties. The values of [¥;] are not
known exactly because |v;| contains noise and mea-
surement error. Both the path integral model in eq (23)
and the discrete version in eq (24) are approximate.
Also, the system of equations in eq (25) may be very
large. For example, if the antenna spacing is 5 m over a
length of 150 m, then the number of equations is
30X 30=900. In spite of these difficulties, there are nu-
merous techniques which have been successfully ap-
plied to geophysical tomography problems [15-17].
Some of the popular methods and their acronyms are:
algebraic reconstruction technique (ART) [18], simulta-
neous iterative reconstruction technique (SIRT) [19],
and back projection technique (BPT) [20]. The descrip-
tion and application of these methods to geophysical
tomography is well covered [16,17]. Since our system of
equations for the coal seam geometry as described by
€qgs (24) and (25) is nearly identical to the equations for

cross-borehole probing [15-17], the past work on geo-
physical tomography is directly applicable. The two
differences are that the coal seam mode experiences cy-
lindrical spreading rather than spherical spreading and
that the unknown is the attenuation rate of the coal seam
mode rather than the bulk attenuation of the medium.
The cylindrical spreading results in the p,~"? factor in
eq (24) rather than p;~' for spherical spreading.

Since the solution of eq (25) for [X] yields the attenu-
ation rate a for the /* cell, there is a further question of
what seam parameters actually produced that value of
a. The attenuation rate a is given by

a=—Im (k. S). @7

In general S depends on the seam parameters in a
complicated manner via the mode eq (10). Even when
the rock walls are highly conducting, a is fairly compli-
cated:

ke
2k h)

a=~—Im (k.)+Re ( (28)

Since a in eq (28) depends on three parameters (k., k,,
and /), we cannot determine the three parameters from
a. However, in some cases additional geologic informa-
tion might be available. For example if the rock and coal

properties are known and constant, the seam height can
be obtained from:

_Re (ko/ky)

2= im (k)

29)

If eq (28) is not valid, 2h can be obtained from a curve
as in figure 3.

Even if it were not possible to determine the coal
seam parameters, just the information that seam attenu-
ation a changes in a region would be valuable to miners.
Such a change would indicate that the seam is not uni-
form, and core drilling could be done in that area to
provide further information. In fact, in many cases the
full tomographic processing of the transmission data
might be more complicated than necessary. In some
cases, anomalous regions have been readily apparent
from the measured data because the few rays which pass
through the region have shown very high attenuation
[21]. The anomalies have later been verified by drilling
or mining into the anomalous region. High conductivity
anomalies in copper mines have also been found by a
similar ray analysis [22].

The conditions under which the straight ray tomog-
raphic approximation is valid have been discussed by
Dines and Lytle [16], and similar conditions apply here
if we replace the wavelength by guide wavelength and
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the skin depth by the 1/e distance for the mode. Then
the conditions become [16]:

1 ,
pi>m’ for all 7,

and —2Im (S k;)<Re (S k). (30)
The first condition is well satisfied at 500 kHz for
pi>100 m. The second condition is only marginally sat-
isfied at 500 kHz, but is better satisfied when either the
frequency or the coal dielectric constant ¢ is increased.
Even when eq (30) is satisfied, it is also necessary that
the seam parameters vary slowly in order that the
straight ray approximation is valid. Otherwise reflection
and refraction occur, and they can be included, but only
with significant increase in complexity [23]. When scat-
tering becomes very important, even further changes in
the processing are required [24], and in some cases it is
useful to search for the scattering pattern of expected
anomalies [25]. More experience with coal seam anoma-
lies is necessary to determine the best method for pro-
cessing data. There is also the possibility that phase in-
formation could be useful.

5. Conclusions

The feasibility of using the quasi-TEM mode at MF
for remote sensing of coal seams has been studied. The
mode has sufficient range for transmission between
longwall entries which are normally separated by about
150 m. The attenuation rate is sensitive to the coal seam
parameters (coal conductivity, rock conductivity, and
seam thickness), as shown in figures 3-5. Thus the mode
should be useful in sensing variations in these parame-
ters. The mode can be excited efficiently by a vertical
electric dipole or a vertical loop (horizontal magnetic
dipole).

Transmission between vertical loops located in the
two entries appears to be a useful method for probing
the coal seam. Because a coal seam supports only a
single mode which is nearly TEM, the system of linear
equations to be solved is nearly identical to the system of
equations in geophysical tomography. Thus the work
which has been done on geophysical tomography for
cross-borehole probing is directly applicable to the
probing of coal seams. In some cases, such as a fault or
washout of the seam, the seam properties change rap-
idly, and tomography is not valid; strong scattering and
reflection occur, and some other type of processing is
required. However, the transmission measurements will
still show that the seam is not uniform, and this informa-
tion might be sufficient for practical mining applica-

tions. The same difficulties occur for other geophysical
tomography applications when strong scattering is
present in either electromagnetic or seismic cases [25].

The author would like to thank Dr. Larry G.
Stolarczyk for suggesting the use of MF radio
transmission for remote sensing of coal seams.
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Appendix—Solution of Mode Equation

To solve eq (10) by Newton’s method, we first define the function f(C):
AC)=j k. C tanh (] k. € 1)+(&) VEZ=kZ (1=, (A1)
The derivative of f(C) with respect to C is
f'(«c =%=j k. tanh (j k. C h)—k2 C h sech? (j k. C h)
+j (e/eJkE C/ VEI—kZ (1= CD). (A-2)
If C, is an n™ estimate of the solution to f(C)=0, then by Newton’s method [8] the n - 1 estimate is

f(C,)
Co1=C, —372~. A-3
+1 f (Cn) ( )
The iteration in eq (A-3) is continued until the change in C is sufficiently small.
An initial estimate C, can be obtained by considering the perfectly conducting parallel plate case
(&= ). In this case, the second term in eq (A-1) is zero, and the solution is Cy=0. For large €../€..,
G is not zero, but it is still small. Thus we can replace the tanh function by its argument:

j kc CO (.] kc CO h)+.] kn Ec«/erczo- (A'4)
The solution to eq (A-3) is
Co=V_J_, (A-5)
k.h

Equation (A-5) is consistent with an earlier result from Wait [8], and we use it for our initial estimate
in eq (A-3). Equation (A-5) can also be used to obtain an approximate propagation constant of the
mode:

J ke S=j kV1—-C¢ ~j k(1 —% Co)

, k.
= ko5 (A-6)

The first term j k. is the propagation constant of a plane wave in an infinite coal medium, and the
second term is a correction to account for the finite conductivity of the surrounding rock.
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1. Introduction

The negative logarithm of the hydrogen ion activity is
commonly known as pH [1]'. This term is associated
with the effective concentration of hydrogen ion. The
importance of this quantity lies in the fact that it is the
measure of the chemical reactivity of the acid and alkali
in aqueous solutions. It is used extensively in monitoring
agricultural and industrial processes. Functionally, pH
lies at the base of many chemical synthetic processes and
is essential in many analytical measurements. In biologi-
cal and biochemical research, pH is important because it
is fundamental to natural processes. In short, pH is in-
trinsic to life itself.

The determination of pH is based on physicochemical
principles and can be performed by various techniques
such as colorimetry, conductivity, and potentiometry.

About the Authors: All the authors are research
chemists in the Inorganic Analytical Research Di-
vision of NBS’ Center for Analytical Chemistry.

'Numbers in brackets indicate literature references at the end of this
paper. It should be noted here that the original definition was in terms
of hydrogen ion concentration. It was S. P. L. Sorenson and K.
Linderstrom-Lang (Compt. Rend. Trav. Carlsberg 15, 40, 1924) who
first proposed hydrogen ion activity in the definition.

Of these, the potentiometric or the electromotive force

(emf) method is the simplest, the most accurate, and
hence the most widely used. This is particularly true
since the invention and commercialization of the hydro-
gen ion sensitive glass electrode.

The employment of the glass electrode for deter-
mining pH generally requires the following' arrange-
ment:

Glass electrode | Test solution||
Salt bridge solution |Reference electrode @

where the single vertical bar is the electrode-solution
interface and the double vertical bar is a liquid junction
denoting an interface between the test solution and the
salt bridge solution, the latter having an ion in common
with the reference electrode. From the measured elec-
tromotive force of cell () the pH may be computed via
the following equation:

E _(E;H +EJ) =E—‘Eé (1)
RT InlO/F k

pH=log ay=

whereay = the hydrogen ion activity (the charge, +,
is dropped for convenience)
E = the observed emf of the cell -
a constant, dependent on temperature and
pressure and the types of electrodes used

]
pH
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Ej = the liquid junction potential of the given
cell

R = the gas constant

T = the kelvin temperature

F = the faraday constant

k = (RThl0)Y/F

ot = Eoy +Ej

The last quantity, Egy, cannot be accurately evaluated.
However if Ejy is assumed to be constant for a given
system [2], and if a solution of known pH [pH(S)] is
available, then the pH of an unknown solution [pH(X)]
can be determined by using cell (I) twice: first with
solution S, then with solution X and calculating the
pH(X) from the difference in the respectively measured
emf’s as follows:

pH(O)=pH(S)+ 255 @
If pH(X) differs significantly from pH(S) or if the emf
response of the system differs from the ideal Nernstian
response of 1 pH unit per volt (RT In10/F), then two pH
standards (S1 and S2) should be used. The value of
pH(X) can be computed according to eq (3):

PH(X)=pH(S1)+ 22=E51
S2—

E., 3
The choice of the two buffers S1 and S2 should be such
that pH(X) falls between the values pH(S1) and pH(S2).
Such is the practical determination of pH today.

Therefore, the availability of standard pH solutions is
a necessary condition for the application of eq (2).
Moreover, according to the application of Henderson’s
or Planck’s equation for the approximation of the liquid
junction potential, Ej [3-5], the standard pH solution
should be made as similar to the test solution as possible
with respect to pH and composition. Under such condi-
tions the assumption regarding the constancy of E g is
sound. Since in practice the conventional pH scale spans
14 pH units, several pH standards are required for estab-
lishing calibration points over the entire pH range.

In the United States, pH standards are promulgated
and maintained by the National Bureau of Standards
(NBS). Many foreign countries have also adopted the
NBS approach to pH standardization. This work has
been performed at NBS since the late 1930s [6] through
the issuance of Standard Reference Materials. This ap-
proach, as well as the materials and values for the NBS
pH buffer standards, have been accepted inter-
nationally. The theory and practices which are at the
base of the certification process undergo periodic crit-
ical examination at NBS to remain current with new
developments and technology and to be responsive to

[PH(S2)—pH(S]) .

changing and expanding national needs. A detailed dis-
cussion of the theory, the process, and the refinement of
the evaluation and certification of pH standards at the
NBS follows.

2. Thermodynamic Foundation of pH

The use of pH in the expression pH= —log ay is
purely a formalism because ay, a single (hydrogen) ion
activity, is indeterminate. The ultimate definition of pH
should be made in terms of determinable quantities.

One way of determining the pH of a weak acid (HA)
may be from the dissociation constant, K,, of the acid,
assuming K, is known or can be independently deter-
mined:

K,= a4 __ AuMaYa @)
Ay  MuaYua
and
pH=pKa+ logﬂ +log—u . 5)
Mmpy 9471
With the aid of the Debye-Hiickel equation [7, 8]
log yi=—AZ*1/(1+B&VT)+bI (©6)
wherem = molality of the constituents
vi = activity coefficient of the ith species
I = {ZmZ?. (This is the definition of ionic
strength only if the electrolyte is fully dis-
sociated. Otherwise, the degree of dis-
sociation, a, should be included. Thus
I=3ZamZ? eg, I for 0.05 m potas-
sium acid phthalate (KHP) at 25 °C is not
0.05 but 0.0533 [9].)
Z; = ijonic charge of the ith ion
Aand B = constants dependent on the temperature
and dielectric constant of the solvent
4; = the ionic size
b = an adjustable parameter

On the other hand, the pH of the same acid can be
determined without the knowledge of K,, using a gal-
vanic cell without liquid junction, sometimes called the
Harned cell:

Pt, H, (1 atm.)|HA4 (m), KCl(m')|AgCLAg. (II)

The emf of this cell at one atmosphere (101.325 kPa) of
hydrogen pressure is given by

@)

o RT
E =EAg,AgC]_?ln mymeryuYa
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where m’s are molalities, y’s the activity coefficients,
R,T,F have their usual significance, and E is the mea-
sured emf. Ex; .1 i8S the potential of the silver-silver
chloride electrode measured relative to the “standard
hydrogen electrode,” i.e.,

Hy(g)=H"+e ®
and
o RT, ay™
E——'-EH—TIII‘I',;P:T/Z‘ (9)

where p is the pressure of the H, gas. When p =p°=1,
atmosphere and ag™ =aj*=1, then, E =Ejy. Since half-
cell potentials cannot be measured independently, it has
been established by convention that Eg=0 at pg and at
all temperatures. All other half-cell potentials are com-
puted in relation to Eg=0.

By putting all the known quantities together on the
right hand side, eq (7) may be rewritten as

E—E°
—log aH'yc1=—k— +log mq . (10)

Since by definition yq =1 as m goes to zero, by plotting
the right hand side of eq (10) vs m¢, and extrapolating to
mc =0, the limiting value of the acidity function can be
expressed as —log (agyc)? [9]. This value corresponds
to the acidity function at the particular ionic strength, 1,
of the weak acid HA and

pH=—log(anyc)7 +10g Y@ ». an

The last term of eq (11) may be evaluated from eq (6).
Therefore, all the quantities related to pH, either from
the dissociation constant or from the emf of galvanic
cells without liquid junction, can be determined. Hence,
within this framework the term pH is defined.

It should be noted that the application of eq (6) for the
evaluation of the activity coefficients requires assump-
tions outside the domain of thermodynamics. However,
it has been experimentally proved that this equation is a
suitable approximation for the activity coefficient func-
tion of strong electrolytes up to 1 molal concentration
[10,11] and therefore the use of this equation is justified
for the determination of pH at ionic strength lower than
1 molal.

As the ionic strength decreases, the b-term in eq (6)
becomes insignificant, and the influence of & also de-
creases. By selecting a value for B4; (for example 1.5, as
recommended by the Bates-Guggenheim convention
[12,13] at the ionic strength of around 0.1 molal), the
resultant uncertainty in pH is less than 0.005 pH unit,

even if Bd; is varied by as much as 10%. The ionic
strength of the standard pH solutions certified by NBS
is <0.1. Thus the Bates-Guggenheim convention,

AZi\/I_

— (12)
14+1.5VI

log vi=—

is justified within the present experimental uncertainty
(see table 1), and is applicable to the certification of the
NBS primary buffer standards.

New demands for pH standards of ionic strength
greater than 0.1 molal, such as that for seawater, render
the use of Bates-Guggenheim convention inapplicable.
In these cases eq (6) must be used, and the values of &
and b must be determined experimentally.

3. NBS Standardization of pH Solutions

The standardization of pH solutions was initiated at
NBS in the late 1930’s when Hamer [14] suggested the
use of a galvanic cell without a liquid junction, similar to
cell 11, for the purpose. Later Hamer and Acree [6]
proved experimentally the applicability of cell II for the
determination of pH. Early in the 1940’s, Bates et al. [15]
published a list of provisional pH values of standard
buffers. In the following years the experimental setup
and the treatment of data were significantly refined as
the state of the art of measurement advanced.

The principle of the determination of pH and the
thermodynamics of the establishment of a pH scale have
been discussed in section 2. Because of the complexity of
ionic interactions in electrolyte solutions, the knowl-
edge of ionic activity or activity coefficients has been
advanced little in recent years. The only improvements
that have occurred in the determination of pH have
been in the methods of measurement. Among various
methods for determining pH, Hamer et al. [6,14] and
later Bates [12,16] have ably demonstrated that a gal-
vanic cell without a liquid junction,

Pt, Hy(1 atm)|H* solution, KCl(m)|AgCLAg (II)

is the best suited for the purpose. A detailed experi-
mental account has been given by Durst [17].

Since eq (7) is used for the determination of pH, it is
necessary to know E 4, azci. The value of E g, agciis deter-
mined, using the following cell [10]:

Pt, H,(1 atm)|HCI(m)| AgCLAg (IID)

and the equation
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(13)

where Ey=0, under the conditions described in the pre-
vious section. However, the best values of E° reported
for this cell disagree by 0.2 mV or more [18,19]. This
indicates that not all silver-silver chloride electrodes
behave identically. Therefore, for the most accurate pH
work, the E° value of each individual Ag,AgCl elec-
trode must be determined in cell III and the stability of
each electrode firmly established before it may be used
in cell II.

Using cell II, relying on thermodynamic principles,
and by adopting the Bates-Guggenheim convention, the
NBS has certified seven primary and three secondary
pH standards. They are listed in table 1. The uncertainty
associated with each of the primary standards is 0.005

o o
ERgngar=Ecai—Eg

4. The Operational Determination of pH and
the Problem of Liquid Junction.

The operational definition of pH entails the mea-
surement of pH with cell I and the comparison of the pH
of the unknown solution with that of the standard as
shown in eq (2). Such comparison assumes the con-
stancy of the liquid junction potential, Ej, in eq (1). This
assumption has only limited validity. In some instances
significant errors may be introduced in the pH deter-
mination by this assumption.

The problem of liquid junction potential has been the

Table 2. Internal consistency of the NBS pH scale.

pH and the uncertainty of the secondary standards is Standard Solution 25°C ApH
0.01 pH. 1:1 Phosphate
The widespread use of cell I for practical pH mea- pH(S) 6.863
surements necessitates the use of pH standards that are pH(meas) 6.861 +0.002
traceable to the primary standards for calibration pur- Tartrate
poses. The work at NBS satisfies this need by providing pH(S) 3.639
definitively calibrated and certified pH standards. pH(meas) 3.638 +0.001
The advantages and shortcomings of cell I have been Phthalat
. . . o, e . alate
discussed in section 1. Nevertheless, it is of interest to PH(S) 4.004
examine the data obtained with cell I by using a combi- pH(meas) 4.006 —0.002
nation glass electrode to test the internal consistency of
the NBS pH standards. The results are shown in table 2. Bma;‘l(s) 0.183
. . e . . p .
TI_le maximum deYlatlon among all pH(S) ll.ste'd in table pH(meas) 9.184 —0.001
2 is 0.002 pH units. The NBS pH scale is internally
consistent to at least that extent, thus confirming the Carbonate
usefulness of the approximations and conventions de- pggs) ) ig‘gi‘: 0.000
. . . meas A .
scribed in the first part of this report. pimes +
Table 1. NBS pH Standards.
Solution composition pH(S) Temperature
(molality) at 25 °C range (°C) SRM
Primary Standards:*
potassium hydrogen tartrate (satd. at 25 °C) 3.557 25 t0 95 188
0.05 m potassium dihydrogen citrate 3.776 0to 50
0.05 m potassium acid phthalate 4.006 0to 50 185f
0.025 m KH,;PO;4-0.025 m Na,HPO, 6.863 0to 50 1861d/18611d
0.008695 m KH,PO;+40.03043 m Na,HPO, 7.410 0to 50 1861d/186I1d
0.01 m Na,B,0;- 10 H,O 9.180 0to 50 187c
0.025 m NaHCO;+-0.025 m Na,CO; 10.010 0to 50 191a/192a
Secondary Standards:**
0.05 m potassium tetroxalate - 2H,O 1.679 0to 95 189
0.01667 m tris***+4-0.05 m tris - HC1 7.699 0to 50 922/923
Ca(OH); (satd. at 25 °C) 12.454 0 to 60

*Experimental uncertainty: 30.005 pH
**Experimental uncertainty: *0.01 pH
***tris: tris(hydroxymethyl)aminomethane.
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subject of numerous studies [2,14,20,21] which indicate
that the liquid junction potential is not a thermodynamic
quantity, i.e., that the liquid junction potential, Ej, can-
not be specifically defined. For example, Ej depends on
the concentration of the salt bridge and on the tem-
perature, but no functional correlation has been found.
Ej also varies with specific electrolytes, such as strong
and weak acids. Furthermore, it changes with the geo-
metrical structure and the manner in which the junction
of the salt bridge is formed [14,20}. Therefore, Ej cannot
be determined exactly and eq (2) cannot be considered a
rigorous thermodynamic definition of pH.

For the reasons outlined above, one cannot in general
assume Ej to be constant in determining pH in solutions
of unknown nature. It has been reported that the uncer-
tainty in determining pH in acid ra’.. [22] and in biolog-
ical fluids [23], using a combination glass electrode in
cell 1, is significant, often as large as 0.5 pH.

5. Research on pH

An active research program in pH has been estab-
lished at NBS to maintain the standards used for pH
calibration, to respond to changing needs in this im-
portant determination, and to advance the science in
tune with advances in chemical and electronic tech-
nology. This research effort includes both basic and
applied studies and its diversity is illustrated by two
projects now in progress.

Basic research is being conducted to establish firmly
the standard potential (E°) of the Ag,AgCl electro-
chemical couple which is often used as the reference
electrode in pH measurements. As alluded to in a pre-
vious section, there are variations in the measured E° of
different preparations of Ag,AgCl electrodes. Recently,
Bates [18] has reported that from over 30 independent
measurements, values for E° of Ag,AgCl determined in
cells without liquid junction vary from 0.2222 to
0.2228 V at 25°C. The range is 0.0006 V, which
amounts to differences of approximately 0.01 pH unit.

Variations in E° of such magnitude (0.6 mV)must be
caused by the Ag,AgCl electrode itself, because the
other factors in the system for determining E° can be
systematically eliminated. In fact, experts decided in
1956 to assign an uncertainty of 0.2 mV to the E° mea-
surements for this electrode [24]. The sources of prob-
lems associated with this electrode have been in-
vestigated by numerous workers in electrochemistry.
The areas studied have included methodology, elec-
trode preparation, and operational precautions. How-
ever, there is still need to define the characteristics of
this electrode to reduce the uncertainties associated
with pH measurements done on SRM’s at NBS.

When classical experiments [19, wherein references
cited] were repeated, it was observed that oxygen inter-
acted with the electrode and was probably the major
cause of the observed variations in E°. Although this
observation was not new, the effect has never been fully
discussed and investigated. To verify the effect of oxy-
gen on the behavior of the electrode, we conducted the
following experiments:

A. Electrode Preparation: A thermal electrolytic type
of preparation was selected because the method is sim
ple and results in an electrode with minimal (or least)
contamination. Classical procedures were followed, ex-
cept when electrodes were purposely exposed to either
laboratory air or an argon atmosphere.

B. Cell EMF Measurement: The cell setup, tem-
perature control, and measuring device were similar to
those described by Durst [17] with minor modifications.
Special care was taken to have the electrode and HCl
solution under either laboratory air or an argon atmo-
sphere. Measurements were made immediately after the
preparation of the electrodes.

Four sets of experimental conditions were compared:

(@) Eao—S(O) © Eaun—S(O)
(b) Eeqo)—S(Ar) (d) Euqan—S(Ar)

where el(O)=electrode exposed to air,
el(Ar) =electrode exposed to argon, S(O)=HCI solu-
tion saturated with air, S(Ar)=HCI solution saturated
with argon. The ranges of results for approximately 100
electrode measurements under the four sets of experi-
mental conditons respectively are:

(a) E°=0.22260 to 0.22350 V
(b) E°=0.22250 to 0.22260 V
(¢) E°=0.22240 to 0.22250 V
(d) E°=0.22230 to 0.22240 V.

The results indicate that oxygen does have an effect
on the E° for the Ag,AgCl electrode, and is most pro-
nounced in those measurements made with electrodes
exposed to an oxygen atmosphere. The higher potentials
observed for such electrodes are probably due to mixed
potentials from electrochemical couples other than
silver-silver chloride, silver-silver oxide, for instance.
However, the long term stability could not be main-
tained and the overall reproducibility for each set was
only £0.05 mV as compared with 0.01 to 0.02 mV as
reported in the literature [10,19,25]%. Work is continuing

?It was pointed out by Hamer [26] that Harned and his students used
“limited” solutions and filled their cells under vacuum to get rid of the
“air effect.” Harned and Ehlers [27] thus obtained E °=0.22239 int.
volts. On the present scale this becomes 0.22247 V which is in good
agreement with conditions (c).
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in the areas of oxygen adsorption and desorption mea-
surements to determine quantitatively the effects of oxy-
gen on E°. This work is necessary to lower the uncer-
tainties in existing pH measurements.

In the second project, work is proceeding to develop
matrix-specific pH standards to augment the primary
buffer standards currently available. The major reason
for these new standards is to take into account residual
liquid junction potentials and to minimize their effect. It
has been shown conclusively that these effects can seri-
ously bias pH readings, especially if the ionic strengths
of the standards and the test solutions are significantly
different [22].

Research is now underway to test the feasibility of
providing matrix-specific pH standards for selected ap-
plications, focusing initially on low ionic strength solu-
tions such as acidic precipitation in the environment.

Recently an interlaboratory test was conducted to test
the efficiency of using dilute solutions of a strong acid as
working standards for pH measurements in acidic pre-
cipitation. The results of this test confirm the problems
with residual liquid junction potentials and indicate that
the strong acid standards (specific for this application)
greatly minimize the problem. It is anticipated that in
late 1984 NBS will issue a Research Material (RM)
which will incorporate these findings and represent the
first attempt at matrix-specific pH standards. The effort
will be expanded to include matrices such as seawater,
biological fluids, and eventually, non-aqueous media.
This new generation of pH standards will be consistent
with the current NBS pH scale and will be as thermo-
dynamically meaningful as possible. This should avoid
the confusion that would be caused by several inconsis-
tent pH scales.

The ultimate goal of the NBS research program on
pH is to develop and maintain a unified pH scale based
on clearly stated thermodynamic criteria, with a wide
range of applicability to practical pH measurements.
The present projects form the foundation for this goal
and will lead to intensive investigations into activity
coefficients and the concept of single ion activities.

(1
(2]

(3]
4]
[5]
[6]
{7
(8]
(9]

[10]

[11]
[12)
13]

[14)
[15]

[16]
[17]

(18]
[19]

[20]
[21]
[23]
[23]
[24]
[25]

[26]
(27]

400

References

Sorensen, S. P. L., Comp. Rend. Lab. Carlsberg 8, 1 (1909).

Hitchcock, D. 1., and A. C. Taylor, J. Am. Chem. Soc. 59, 1912
(1937).

Guggenheim, E. A., J. Am. Chem. Soc. 52, 1315 (1930).

Henderson, P., Z. Physik. Chem. 59, 118 (1907).

Plank, M., Wied. Ann. 39, 161 (1890); 40, 561 (1890).

Hamer, W. J., and S. F. Acreg, J. Res. Natl. Bur. Stand. 23, 647
(1939).

Debye, P., and E. Hiickel, Physik. Z. 24, 185 (1923).

Hiickel, E., Physik. Z. 26, 93 (1925).

Hamer, W. J., and S. F. Acree, J. Res. Natl. Bur. Stand. 32, 215
(1944).

Harned, H. S., and B. B. Owen, The Physical Chemistry of
Electrolytic Solutions, 3d ed., Reinhold Book Corp., New
York, 1958.

Robinson, R. A., and R. H. Stokes, Electrolyte Solutions, 2d ed.,
Butterworths Scientific Publ., London, 1959.

Bates R. G., Determination of pH, John Wiley & Sons, New
York, 1973.

Bates, R. G., and E. A. Guggenheim, Pure Appl. Chem. 1, 163
(1960).

Hamer, W. J., Trans. Electrochem. Soc. 7, 45 (1937).

Bates, R. G., W. J. Hamer, G. G. Manov, and S. F. Acree, J.
Res. Natl. Bur. Stand. 29, 183 (1942).

Bates, R. G., CRC Crit. Rev. Anal. Chem. 247 (1981).

Durst, R. A., Standardization of pH Measurements, Natl. Bur.
Stand. SP260-53, Natl. Bur. Stand., 1975.

Bates, R. G., Pure Appl. Chem. 50, 1701 (1978).

Ives, D. J. G. and G. Janz, eds. Reference Electrodes, Academic
Press, New York, 1961.

Clark, W. M., The Determination of Hydrogen Ions, 3d ed.
Williams and Wilkins Co., Baltimore, 1928.

Maclnnes, D. A., The Principles of Electrochemistry, Reinhold
Publ. Corp., New York (1939).

Koch, W. F.,, and G. Marinenko, ASTM Special Technical
Publication 823, 10-17 (1981).

Illingworth, J. A., Biochem. J. 195, 259-262 (1981).

Bates, R. G.; E. A. Guggenheim, H. S. Harned, D. J. G. Ives, G.
J. Janz, C. B. Monk, R. A. Robinson, R. H. Stokes, and W.
F. K. Wynne-Jones, J. Chem. Physics. 25, 361 (1956).

Bates, R. G., and V. E. Bower, J. Res. Natl. Bur. Stand. 53, 283
(1954).

Hamer, W. J,, private communications.

Harned, H. S., and R. W. Ehlers, J. Am. Chem. Soc. 54, 1350
(1932).





