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PREFACE

Authority for the investigation reported herein is contained in FY
1955 Instructions and QOutline, Military Construction Investigations,
Engineering Criteria and Investigations and Studies, Studies of Construc-
tion in Areas of Seasonal Frost; Correlation Studies. i

The study was conducted for the Engineering Division, Directorate
of Military Construction, Office, Chief of Engineers. The program was
administered by the Civil Engineering Branch (Mr. T.B. Pringle, Chief).
Dr. W.M. Rohsenow and Dr. J. A. Clark, Department of Mechanical
Engineering, Massachusetts Institute of Technology, performed this study
under Contract DA-19-016-Eng-3204 awarded by the former Arctic Con-
struction and Frost Effects Laboratory (ACFEL)* of the U. S. Army
Engineer Division, New England. This report, authored by Dr. Rohsenow,
presents one phase of the contractual study. Other contractual phases
are reported in: Technical Report 187 (May 1967), "Transient Temperature
Distribution Within Thermal Sensing Elements, ' J, A. Clark; Technical
Report 188 (May 1967), '""The Properties of Thermistors," J.A. Clark
and Y. Kobayashi; and Internal Report 5 (Sept 1966), '"The Effect of Tem-
perature Level on Various Thermocouple Circuit Components, ' J. A.
Clark.

Investigations were performed under the general supervision of Mr.
K. A. Linell, Chief, Experimental Engineering Division, USA CRREL
(Formerly Chief, ACFEL) and the direct supervision of Mr. E.F. Lobacz,
Chiecf, Construction Engineering Branch, USA CRREL (Formerly Coordi-
nator, ACFEL). Mr. W.C. Sayman was the ACFEL project leader and
Mr. G.D. Gilman of the Construction Enzineering Branch was respon-
sible for the coordination of the final report.

Lt. Colonel John E. Wagner was Commanding Officer/Director of the
U. S. Army Cold Regions Research and Engineering Laboratory during the
publication of this report, and Mr. W.K. Boyd was Chief Engineer.

USA CRREL is an Army Materiel Command laboratory,

*ACFEL was merged with the former Snow, Ice, and Permafrost Research
Establishment (SIPRE) in 1961 to form the Cold Regions Research and Engi-
neering Laboratory (USA CRREL), Hanover, New Hampshire. .
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SUMMARY

This report illustrates the use of generalized charts in estimating

the thermal error in measurement of ground temperature in the case of a
The word "'ground' includes snow and ice

probe inserted in a pit wall,

as well as soil materials. Two major sources of error, other than instru-
ment error, are inherent in this type of measurement, If the air tempera-
ture differs from the ground temperature, heat will be exchanged between
the air and side walls of the excavation as soon as the pit is opened. The
ground temperature must be read before appreciable heat transfer occurs.
A second error is introduced upon insertion of the temperature sensing
element if the element temperature differs from the ground temperature.



APPLICATION OF METHOD FOR PREDICTING THERMAL ERROR
IN MEASUREMENT OF GROUND TEMPERATURE

by

Warren M. Rohsenow

INTRODUCTION

Generalized charts for estimating errors in temperature measurement in a
variety of situations were developed under a previous contract* This report illus-
trates the use of these chartg in estimating the thermal error in measurement of
ground temperature in the case of a probe inserted in a pit wall. In this report the
word ""ground" includes snow and ice as well as soil materials,

THERMAL ERRORS IN GROUND TEMPERATURE MEASUREMENT

One method of measuring ground temperature consists of excavating a pitortrench
and inserting temperature measuringdevices, suchas thermometers or thermocouples,
into the faces at various depths. In order to estimate the true undisturbed tempera-
ture, it is necessary to know how the reading of the temperature sensing element,
subsequent to insertion, compares with the actual undisturbed temperature.

Two major sources of error, other than instrument error, are inherent in this
type of measurement, If the air temperature differs from the ground temperature,
heat will be exchanged between the air and side walls of the excavation as soon as
the pit is opened. Figure 1 schematically represents the temperature distribution
as a function of time after the excavation of a pit if the temperature of the air is
lower than that of the ground. Thus a temperature sensing instrument inserted to
a finite depth X must be read before the
ground temperature at that point has
changed appreciably due to heat transfer
with the air at the pit wall. Allowable

Oroond . TMeE=0 time between excavation and reading in-
creases with insertion depth.

AIR | GROUND, T
A

N

A second error is introduced upon in-
ey gertion of the temperature sensing element
S if the element temperature differs from the

ground temperature. Upon insertion, an

clement at a different temperature (gener-

ally the existing air temperature) begins

to change temperature by diffusion of heat

through the ground. Figure 2 schematically
See X represents the temperature distribution in
the instrument and surrounding ground as
a function of time after insertion. In order
to bring the instrument tempcerature to the
initial ground temperature, hecat equal to
the internal encrgy change of the instru-
ment from Tyip to Tground must be diffused to the ground. The instrument and
initial ground temperatures will not become equal in finite time, but their differcence
approaches zero with increasing contact time. As stated above, this recading error
ig zero if Tyir cquals Tgrounds or if the probe could be pre-heated or pre-cooled
to T q before insertion,

=

~~—T

T
|
|

F'igurc 1. Temperature distribution in
side of pit as a function of time after
cxcavation.

groun

* Rohscnow, W.M.; Clark, J.A.; and Van Alstyne, P.C. (1954) An analysis of
crrors in ground and air temperature measurcment, New England Division, Corps
of Engincers, Arctic Construction and Frost Effects Laboratory, Technical Report
52.
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Figure 3. Probe tip

Figure 2. Temperature distribution
details.

ininstrument and ground as a function
of time after insertion.

ERRORS IN TEMPERATURE MEASUREMENT BY
PROBE INSERTED IN A PIT WALL

General mathematical and graphical solutions for determining thermal errors
for a variety of cases of ground temperature measurement by probe insertion in a
pit wall are given in ACFEL TR 52. A detailed solution for one specific case is
given in this report. This method may be used to solve many other specific cases.

Conditions assumed

Ground materials of soil, ice, light snow and heavy snow, with properties as
given in Table I, will be considered. The arbitrarily selected probe is a stainless
steel tube (density = 480 lb/cu ft, specific heat = 0,11 Btu/1b°F), outside radius
0.25 in., wall thickness 0.003 in., with a thermocouple inside the tube to measure
the tip temperature (Fig. 3). It will be assumed that the trench is excavated rapidly
and that the probe tip is immediately inserted to a depth of 6 in. (Significant time
lags between excavation and insertion would necessitate shifting the time-scale on
the curves discussed below by the length of the time lag.) It will also be arbitrar-
ily assumed that the ground temperature for all materials, including snow and ice,
is 50F prior to excavation and that the probe is at an air temperature of -50F be-

fore insertion.

Transient ground temperature due to cooling at pit wall

The general solution for the transient temperature distribution in the ground
near a pit wall* applies to any ground material and any magnitude of heat transfer,
h, at the pit wall. An approximate relation for determining the magnitude of heat
transfer due to natural convection* gives a coefficient of h of 0. 85 for a tempera-
ture change of 100F as in this considered case. Since there will be some radiation
through the top of the pit this is raised to h = 1 Btu/sq ft hr, Radiation between
side walls is considered negligible, since all are at approximately the same tem-

perature.

* op. cit,
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Table I. Properties of ground materials.

Light Heavy
Soil Ice snow Snow
Thermal conductivity, Btu/sq ft hr °F 1.83 1.33 0.0483 0.242
Specific heat, Btu/lb °F 0.195 0.50 0.50 0.50
Density, 1b/cu ft 140.0 56,16 6.24 25,0
Thermal diffusivity, sq ft/hr 0.067 0.0475 0.0155 0.0194
Density of snow (% of ice density) 11.0 45,0

Figures 4 -7 are the results of applying the general solution to the conditions
assumed and show transient temperature distribution in the ground at various times
after excavation and at various depths in the side walls,

The temperature at any depth must be measured before the temperature at
that point is significantly changed by this effect. For example, Figure 4 shows a
temperature drop of 1F at a depth of 0.8 ft in 2 hours. Therefore, temperature
must be read within that time if the allowable error is 1F,

Sensing element transient after insertion in ground

No exact solution for the transient temperature of the tip of a probe inserted in
a pit wall is known. The thermocouple measures the tip temperature (Fig. 3). and
the transient temperature performance may, therefore, be approximated by that of
a spherical shape in an infinite ground. ACFEL TR 52 presents the solution for
this performance for a hollow metal probe, and graphical representations of temp-
erature changes vs time for such probes inserted in various ground materials.
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Figure 4. Transient temperature distribution vs depth;
pit wall in ice.
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Figurc 8. Error inreadingvs elapsed time after

probe insertion,

Figure 8, which gives minimum elapsed time after probe insertion vs error in
reading for the specific probe and conditions being considered, was prepared by
application of these conditions to the general solution*, For example, to keep the
error below 1F, Figure 8 shows that the minimum time lapse should be approxi-
mately 0,001 hr (3-4 sec) in ice or soil, 0.0l hr (36 sec) in heavy snow and 0,05
hr (3 min) in light srow. In actual practice these time increments should be multi-
plied by two or three to account for departure from the idealized spherical shape
for which these analytical solutions were obtained.

Time interval for valid readings

The measurement of ground temperature by insertion of a thermocouple probe
into the side wall of a pit involves walting until the probe approaches the original
ground temperature as prescribed by Figure 8, but the reading must be taken be-
fore the temperature at the immersion depth is changed by the heat transfer to the
air at the pit wall surface as prescribed by Figures 4 through 7. Table II summar-
izes the time interval for valid readings for the specific case being considered. Th.
upper limiting time values are taken from Figures 4 through 7 and the lower limit
values are three times the magnitudes read from Figure 8.

Table II. Time interval for valid readings.
Ground Time interval, hr
Ice 0.003 - 1.0
Soil 0.003 - 0.8
Heavy snow 0.03 -1.4
Light snow 0.15 -1.3

CLOSURE

The upper time limits in Table II are determined by the type of ground material

and the air and ground temperatures involved.
by the material and by the probe dimensions.
0.003-in, wall thickness which is structurally

* op. cit,

The lower limits are determined
The probe considered here has a
adequate for insertion in snow but is
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probably too weak for soil or ice measurements. The effect of probe dimension on
lower time limit is illustrated by the dashed curve on Figure 8 which is based on
the same conditions as the '"Ice or Soil" curve except that the probe wall thickness
used was 0,025 in, Thus a probe with greater effective volumetric heat capacity -
heavier, thicker or with higher specific heat — will have a slower response to tem-
perature change. It is therefore emphasized that the results in Table II are applic-
able only to the conditions stated in this report and should not be used for any other
conditions or probe geometry.
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