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[bookmark: _4r2ys9x8kprp]TEMPOS compliance to IEEE standard 442/D3
[bookmark: _s2hwp15rkt3p]The IEEE is considering updates toupdated 442-03 to IEEE 442/D3 in 2017. It is still a draft revision, but it is considered to be a final draft. (which was last subject toThe previous thorough consideration and revision in was in 1981). The theory and techniques called out in the new revision remain mostly unchanged, and TEMPOS complies with all theoretical assumptions upon which IEEE 442/D3 is based (see Appendix A, theory and analysis) but makes full use of technologically-superior sensors and microprocessor-based analysis, rather than the homemade probes and pencil-and-paper analysis methods which were in common use when the IEEE was first drafted.
As the IEEE works continues to update this standard, it may be advisable to specify and follow ASTM 5334-14, which due to its significant recent revision, better represents current state-of-the-art theory and practice in heat and mass transfer. Inaccuracies that may occur when result from explicitly following the field probe dimensions and probe heating times outlined in IEEE 442/D3 are shown in Appendix A, as explained below.

TEMPOS Compliance with IEEE P442TM/D3
METER has developed TEMPOS to provide accurate thermal property measurements of soils, backfill, concrete, and any of a host of other materials. 
TEMPOS includes ASTM/IEEE mode that intends to meet the IEEE 442/D3 standard as closely as possible without compromising the accuracy of the measurements, acknowledging that the laws of soil physics are certain and inviolable, and that measurements can be accurate only by recognizing the bounds set by nature. METER recommends using the other TEMPOS modes that use improved methods for measuring conductivity and diffusivity because they are faster and more accurate. METER realizes that However, for applications that still require IEEE compliance, TEMPOS is compliant with the IEEE 442/D3 standard, with the exception of the self-contradicting guidance IEEE 442/D3 gives in regard to needle specification. 
Each of the relevant Select requirements from IEEE 442/D3 isare listed below with reference information, and an justification explanation of TEMPOS’s compliance to the standard.


pg 12 section 3.1 Factors Influencing Measurements
Bullet 1: Migration of the soil moisture away from the probe during the test can result in higher soil thermal resistivity measurements. This migration may be significant, and normally takes place when the input power per unit length of the probe is sufficiently high to drive the moisture away from the probe.
TEMPOS Compliance: N/A
No requirement is specified; however, TEMPOS makes every effort to avoid this pitfall by employing a low probe power input, and a shorter heating time. Lower probe power input results in a smaller temperature rise, so TEMPOS needs high resolution temperature measurements in order to make an accurate reading.
Bullet 5:  “Power supply stability shall be maintained throughout the test. The power dissipated in the probe shall be controlled so that variation in the magnitude of heat flux is kept within ±1%.”
TEMPOS Compliance: Meets. 
Heat flux, or heat transfer per rate unit area, is calculated from the heat transfer rate, Q, and the Area A. A is constant for the TEMPOS system; Q is measured in units of energy per unit time, such as BTU/hr or Watts. The formula for the heat transfer rate is Q=I2R, where I is the current and R is the resistance of the probe heater. The current ‘I’ is the only component of Q that varies over the course of a measurement; power varies with I2. Measured values of power variation over a reading follow:
	
	average
	maximum

	Power variation
	±0.041%
	±0.306%



pg 13 section 4.2.1 Laboratory Thermal Probe
“Laboratory measurements use a small stainless steel probe with length to diameter ratio of 50 to 1.”
TEMPOS Compliance: Not Meet, but TEMPOS KS-3 and TR-3 needles areis closer than reference examples provided in IEEE 442/D3.  
For conductivity calculation techniques to be effective, a probe needs to approximate a line heat source, or an infinitely thin and infinitely long sensor. IEEE 442/D3 apparently judges that a length to diameter ratio of 50:1 is sufficiently close toideal to approximate this theoretical model; however,. N neither of the examples in the specification has a 50:1 ratio. The laboratory example in Section 6.2 Figure 1 has an aspect ratio of 37.5:1, Annex B Single sensor Laboratory probe has a ratio of 67:1. TEMPOS uses the TR-3 and the KS-1 is the only probe TEMPOS uses for measurements requiring IEEE compliance, which have and it has an aspect ratios of 41.7:1 and 46.2, respectively; , a values in between the two examples in the IEEE specification, and nearer to 50:1.
Length/Diameter ratios are listed below for all TEMPOS probes.
Note that Field probes (e.g. METER’s RK-3) have no recommended ratio of length to diameter. 	Comment by Doug Cobos: Nice catch!  What a bunch of idiots…
All TEMPOS probes are made from stainless steel.
	Needle
	IEEE- 1
	IEEE- 2
	TR-3
	KS-3
	RK-3

	Length (mm)
	100
	120
	100
	60
	60

	Diameter (mm)
	1.5
	3.2
	2.4
	1.3
	3.9

	Length/Diameter
	67:1
	37.5:1
	41.7:1
	46.2:1
	15.4:1



pg 14 section 4.2.2 Power Supply/Power Monitor
[bookmark: _GoBack]“An adjustable regulated DC power supply is required with the capability of providing at least 20 Watts. Alternatively, power meter (digital or analog) of up to 20 Watts can be used in place of power supply for the power input to the thermal probe.”
TEMPOS Compliance: Meets.
This IEEE requirement is perhaps incomplete and inadequate. Power is computed as the product of Voltage and Current, or Voltage 2 divided by the resistance. The TEMPOS power supply is capable of providing 20 Watts into a 1.25 resistance (Voltage2/Resistance = 52/1.25 = 25/1.25 = 20W).
	With regard to the stated alternative of using a power meter, we are not exactly sure what that means. TEMPOS measures (meters) the power input to the thermal probe, which power meter is up to (but never exceeding) 20 W. It appears that TEMPOS also meets the alternative requirement.
	More importantly, the power capacity/metering requirement and the calculation of power are largely irrelevant. The power per unit probe length is the important parameter, as addressed with the compliance to section 5.2.2.

pg 14 section 4.2.3 Temperature Monitor
“A multipoint portable digital instrument designed to measure temperature with a resolution of better than 0.1°C is preferred for lab use.”
TEMPOS Compliance: Meets.
TEMPOS is portable and digital. The temperature measuring circuitry in TEMPOS and the thermistor used in all TEMPOS probes work together to measure temperature with a resolution of better than 0.001°C.
We are not sure what ‘multipoint’ means. Our best guess is that it harks back to 1960s vintage strip chart recorders. TEMPOS is not multipoint in any way we can reasonably justify, but it does have the desired temperature resolution.

pg 16, section 5.2.2 Test Procedure for Laboratory Probe
“An input of between 10 W/m and 30 W/m is usually applied to the thermal probe. The heat input selection depends on the resistivity of the soil…”
TEMPOS Compliance: Meets
Note the use of the word “usually”, in place of a strict requirement. TEMPOS applies a current to the TR-3 sensor of 82mA to 90mA (depending on the properties of the particular probe), or 4.1W/m to 4.5W/m. TEMPOS’ low power improves on the lower end of the suggested power level, to the end of avoiding the overheating pitfalls listed in IEEE 442/D3 Section 3.1 Factors Influencing Measurements. High heat drives water in the soil away from the probe, distorting the reading. The temperature sensitivity of TEMPOS probes enables TEMPOS to make an accurate reading from the smaller temperature rise that results from a lower probe power input.
“…Temperature data is recorded at 15 second intervals for 10 minutes….”
TEMPOS Compliance: Meets
TEMPOS temperature data are recorded at 10 second intervals for 10 minutes, exceeding the requirement.
	TEMPOS takes readings for 10 minutes. The first 5 minutes is heating and the second 5 minutes is cooling. Each phase produces a slope that contributes to the final result.
“…If at any time, the probe temperature reaches 25°C above ambient soil temperature, the test should be terminated.”
TEMPOS Compliance: Meets
TEMPOS affords the user the opportunity to make an informed decision to discard a reading after viewing the result. TEMPOS does not check to ensure that the temperature rise does not exceed 25°C. This check is unnecessary because of TEMPOS’ low probe power input.

pg 17, section 6. Analysis of Test Results
“[ ] To simplify the resistivity calculations, extend the straight-line section of the curve to intersect at least one cycle on the semi-log graph. By recording the temperature change over one logarithmic cycle, the resistivity of the computation reduces to: …”
TEMPOS Compliance: Meets
The word choice makes extending “the straight-line section of the curve” an instruction, but for the sole sake of simplifying a calculation. This simplification is not necessary if the computer has the capability to calculate logarithms or if one uses least squares curve fits, a common practice in this century.
Note that the subsequent section, 6.1 Sample Calculation, ¶2 presents a completely different, superior method for calculating the conductivity/resistivity: least squares curve fitting. Modern computers lend themselves to the least squares curve fit method, eliminating the need to simplify computation by extending the length of the temperature measurement and thus enabling a shorter duration measurement. TEMPOS’ highly accurate temperature measurement enables accurate results from shorter duration readings with lower temperature rises.
TEMPOS implements the least squares curve fitting method.

pg 17 section 6.1 Sample Calculation
“[ ] It should be noted that since the time span required to make a field resistivity measurement is longer than when using a laboratory-scale probe, the time elapsed shown on the x-axis should be increased to at least 30 minutes.
TEMPOS Compliance:  Meets. 
METER does not recommend using field-scale probes. It is important to note that IEEE’s recommends that measurement duration depend on the probe parameters, rather than on the physical location of the measurement. The accuracy of TEMPOS measurements in ASTM/IEEE mode relies on probes that approximate a line heat source; thus, TEMPOS employs the shorter reading time associated with laboratory-scale probes.

Field measurement requirements are largely irrelevant for TEMPOS. Because IEEE P442/D3-defined field probes differ significantly from a line heat source, METER recommends using laboratory probes for taking readings in the field, as allowed by IEEE 442/D3 section 4.1.2. Laboratory test procedures follow laboratory equipment in accordance with IEEE 442/D3 section 6.1.
Thermal resistivity readings need to be short in order to avoid or at least to minimize environmental effects, and low power in order to avoid the concerns stated in IEEE 442/D3 section 3.1. In order to take short readings, probes also need to have a high temperature sensitivity and resolution. METER testing has shown that the ambient temperature of a sample does not affect the reading; avoiding temperature drift in the sample is a comparatively larger concern for field measurements.
The following points may be moot if the laboratory procedure is followed, but they should be explicit.
pg 13 section 4.1 Equipment Required for Field Measurements
pg 15 section 5.1 Test Procedure for Field Probes
“5.1.2 d) Select a power that will give at least 3°C–4°C temperature rise over approximately one logarithmic cycle of time … If the probe temperature reaches 50°C at any time, the test should be terminated immediately”
1) In saturated sandy loam, the TEMPOS TR-3 temperature rise is ~0.7°C over one logarithmic period (period = e = 2.71828). A 3°C–4°C temperature rise measured with precision of 0.1°C as specified in IEEE 442/D3 section 4.2.3 yields a less accurate reading than that from a 0.3°C–0.4°C temperature rise measured with precision of 0.001°C such as the TEMPOS provides.
2) The maximum probe temperature (50°C) should be specified relative to ambient temperature, not absolute. Step g) of section 5.1.2 contains an example appropriately limiting the temperature rise based on the ambient soil temperature. TEMPOS temperature measurement is accurate over the range of -50°C to 150°C. Within reasonable limits, the absolute temperature of the sample is not detrimental to the accuracy of the reading so long as it is holding constant for the duration of the reading..
5.1.2 Step g) and step h) specify  a measurement of 35 to 45 minutes, “…or until the logarithmic temperature rise becomes linear.” 
1) Readings taken near the surface experience measurable environmentally induced temperature drift (diurnal variation) in a 45 minute span of time, which drift corrupts the reading (see Section 3.1. Factors Influencing Measurements) and causes the logarithmic temperature rise to be nonlinear. 
Note: METER has found that a temperature drift as small as 0.002°C/sec may affect a reading.
2) TEMPOS’ sensitive temperature probe (0.001°C) and reading computation method allow TEMPOS to make shorter duration readings that effect a smaller temperature rise.
3) TEMPOS does not check the linearity of the logarithmic temperature rise prior to terminating a reading; rather, TEMPOS keeps the reading time short in order to help avoid temperature drifts in the sample that impact the linearity. TEMPOS relies on the user to check the linearity of the logarithmic temperature rise, so that the user can deduce the ambient conditions and make informed decisions on subsequent readings.

