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cquilil)1"iU111 \viih t}1C ne\v environment. In cases where an

C11virOl1mcnt is time-variant the response of the object is also a

variable in time. When the object exhibits a response dependent only

Ot1 tl,e e11vironment it is said to be 111 dynamic equilibrium with its

environment.

13. "r'i11iC CC}11Sla11t or a Eody: . '1"'110 time C011stant of a body 18 a m<.:a.tturc of the

response of the body to envi:ronmental temperature changes. It is defined

as t11e time required for a body to achieve 63.21'0 of its total change after

a sudden step change in the environment.

14. Fregllency Res!)onse: The frequency response of a measurement system

is defined as the ratio of the amplitude of the drift in microinches to the

amplitude of a sinusoidal environment temperature oscillation in degrees

Fahrenheit for all frequencies of temperature oscillation.

15. Thermal Expansion: The difference between the length of a body at one

temperature and its length at another temperature is called the thermal

expansion of the body.

16. Coefficient of Expansion:

16(a) The true coefficient of expansion, Ci, 2J:..2:. temperature, 1, of

of a body is the rate of change of length of the' body with respect

to temperature at the given temperature divided by the length

at the given temperature.

1 dL
a =--L dt

16(b) The average true coefficient of expansion of a body over the

range of temperatures from 68° F' to t is defined as the ratio

of the fractional change of length of the body to the change in

temperature.
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li'ractional change of length is based on the length of the body

at RO° tr,

L - L S8rt = -------......-68, t L 68 (t - 68)

I-Icreinafter the term" coefficient of expansion l' shall refer only to

the average value over the range from 68° F to another temperature, t.

17. Nomilial Coefficient of Expansion: The estimate of the coefficient of

expansion of a body shall be called the nominal coefficient of expansion.

To distinguish this value from the average true coefficient of expansion

(I{68 t) it shall be denoted by the symbol I{.,
18. Uncertainty of NOlninal. Coefficient of Expansion: The maximum possible

percentage difference between the actual coefficient of expansion, a, and

the nominal coefficient of expansion shall be denoted by the symbol 6, and

expressed as a percentage of the true coefficient of expansion

o = ex - K (100)%
a

Variations in material composition, forming processes, and heat treatment

as well as inherent anisotropic properties and effects of preferred

orientation cause objects of supposedly identical composition to exhibit

different thermal expansion ,characteristics. Also, differences in ex-

perimental technique cause disagreement among thermal expansion me"asure

ments. As a result, it is difficult, solely from published information, to

obtain an exact coefficient of expansion for any given object.

This value like that of K itself must be an estimate. Various methods can

be used to malte this estimate. For exall'1:ple:

10(a} The estimate may be based on the dispersion found among

published data.



18(b) 1.']1G estimate may be based on the dispersion found among

results of actual experiments conducted on a number of lil<e

objects.

Of tl1e two possibilities given above, (b) is the recommended

procedure.

Because the effects of inaccuracy of the estimate of the

uncertainty are of second order, it is considered sufficient

that good judgment be used.

19. ~on1i11al Expansion: The estimate of the expansion of an object from 68 0 F

to its time-mean temperature at the time of the measurement shall be

called the nominal expansion and it shall be determined from the following

r elationship .

NE = L(t --68)(1<)

20. Uncertainty of Nominal Expansion: The maximum difference between the

true thermal expansion and the nominal expansion is called the uncertainty

of nominal expansion. It is determined from:

UNE· = L(t - 68} (l~O)-

21. Differential Expansion: Differential expansion is defined as the difference

between the expansion of the part from 68° F to its time-mean temperature

at the time of the measurement and the expansion of the master from 68 0 F

to its time-mean temperature at the time of the measurement.

22. .Nomillal Differential Expansion: The di.fference between the nominal

expansion of the part and of the master is called the nominal differential

expansion.

NDE = (NE)part - (NE)master
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23. ljneertainty of NOlnillal Differclltial Expansion: The sum of the un

certainties of nOll1inal expansion of the part and rnalter i.s called the

uJ1ccrtainty of nominal differential expansion.

UNDE = (UNF.)pQ.~t. + (UNE)l1UI,stcr

24. 1"11ermal J)rift: Drift is defined as the differential movement of the part:

or tIle master and the cOlnparator in microinches caused by time-variations

in tI'le thermal eJ1vironment.

25. Electronic_~_..Drift Checl<: An experiment C011ducted to determine the drift

in a displacement transducer and its associated amplifiers and recorders

\vhen it is subjected to a thermal environment similar to that being

evaluated by the drift checlc itself. The electronics drift is the sum of the

II pure1r electronics drift and the effect of the environment on the sensing

head.. amplifier, etc. The electronics drift checl{ is performed by blocl{ing

the transducer and observing the output over a period of time at least as

long as the duration of the drift test to be performed. Blocking a transducer

involves m.aking a transducer effectively indicate on its own frame, base,

or cartridge. In the case of a cartridge-type gage head, this is accomplished

by mOu11ting a small cap Qve·r tIle end of the cartridge so the plunger registers

against the i.nside of the cap. Finger type gage heads call be blocked with

similal"' devices. Care must be exercised to see that the blocl<:ing is done

in a direct ·.manner so that the influence of temperature on the blocking de

vice is negligible.

26. Drift Checl(: An experiment conducted to determine the actual drift inherent

in a measurement system under normal operating conditions is called a drift

checl<:. Since tlle usual method of monitoring the envi~onment (see definition

28) involves the correlation of one or more temperatune recordings with
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drift .. a drift c]1eck \vill usually C011Sist of simultaneous recordings of

drift und c21vironlncl1tal temperatures. The recommended procedure for

tl1c conduct of a drift checl<. is given in Appendix B.

27 •.TC111}1Craillro Variation }Jrror. TVE: An Qlitimato of the mQximum possible

111easurelnc11t error il1duced solely by deviation of the environment from

average conditions is called the temp~"rature variatiol'). error. TVE is

determined from the results of two drift checks; one of the master and

COlnparator, and t11c other of the part and the comparator.

For zero or small mastering cycle time.

Maximum excursion of part-comparator and lnaster- II
comparator drift curves when curves are aligned for in-

! phase temperature conditions over representative time I
Lperiod. (Part-to-master drift) J

For significant mastering cycle times.

Master-comparator drift or I

TVE:: ; part-comparator drift, which-:i ever is greater, for chosen i
Lmastering cycle time J

Use whichever of above TVE is greater.

IPart-to-master -!
.1 drift error as above j
L -

28. Total Thermal Error: Total thermal error is defined as the maximum possible

measurement error resulting from temperatures other than a uniform, C011

stant temperature of exactly 68 0 F. It is, of course, desirable to determine

the total thermal error induced in any measurement. However, this is

usually not practical to do, and in many cases, not even possible. T11erefore,

an alternative procedure is outlined below.

29. Thermal Error Index: The evaluation technique proposed in this section

does nothi11g more than estimate the maximum possible error caused by

thermal environment conditions affecting a particular measurement process.

It does not establish the actual magnitude of any error. It serves to remove

doubt about t11e existence of the errors and to establish a system of rc\vards

and penalties to processes which are combinations of techniques, som.e ·of

which may be II good" and some II bad. n
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'I'}lC T11crtnal l~rror I11dex s11all apply only so long as conditions do

not c11clnge,

':l"'11g prol)08cd plnl1 consists of:

(1) COlnputing the nominal differential expansion, NDE.

In this comp\.ltation (and in the next), the temperature offset

is assumed to be the average difference between 68° F and

the air temperature in the vicinity of the process over the

mastering cycle of the process.

(2) Computing the uncertainty of NDE, UNDE.

(3) Determining the thermal variation error, TVE, by means

of a drift checl(.

(4) Summing the absolute values obtained in 1, 2, and 3 to obtain

an index related to the quality of the process, yields the

temperature error index.

TEl::; NDE .J- UNDE + TVE.

(5) If an effort is Inade to correct the measurement by computing

the NDE J part 1 is to be deleted.

The plan pe11alizes a measurement !)rocess on two counts:

(1) ]~xistence of envir011ment temperature offset, resulting in

differential expansiol1.

(2) Existence of envi.ronment variations.

The pla11 rewards good technique by reducing the thermal error index for:

(1 ) AttemlJting a correction for differential expansion.

(2) Keeping enviro·nmental variations to a minimum.

rrhermal error index can l)e used as an administrative tool for certification

of measurement processes as is discussed in the next section. It can also

b·e used as an ab solute index of acceptability of the process. For example,

a good rlJle of thumb for establishing the acceptability of a measurement
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J.)l"OC(~S8 \vitI1 rCSIJect to t11ermal errors is to limit the acceptable thermal

error il1dex to 10}'0 of the worl<.ing tolerance of the part,

30. ~lfonitoring~ To perpetuate the thermal error index it will be necessary

to n1011itor the process in such a way that significant changes in operating

C011ditions are recognizable.

T11e recommended procedure is to establish a particular temperature

recording station which has a demonstrable correlation with the magnitude

of the drift. In a II convective environment ll this could simply be the

II environment temperature."

The temperature of the selected station should be recorded continuously

during any measurement process to whic11 the index is to be applied. If

the temperature shows a significant change of conditiol1S, the index is

11Ull and void for that process" and a reevaluation should be accomplished,

or the conditions corrected to those for which the index applies.

In addition to continuous monitoring of environmental conditions, it is

recommended that efforts be znade to establish that the process is

properly soal(ed out. This Inay be done by checking the temperature of

all elements before and after the execution of the measurements.

APPENDIX B: DRIFT-CI-IECK PROCEDURE

l"he follo\ving is the recommended procedure for the conduct of a drift

check for a process in which the proposed monitoring method is based on the

measurement of environment temperatures.

A ~ EglliJjme11t

The major equipment necessary includes very sensitive displacement

transducers and sensitive, drift-free tempe"rature sensors with associated
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::1.l111JlifiC11 S a11d recorders. A linear variable differential transformer

\\'it11 IJl"ovisiol1 for rec()rder output has proven quite successful. Also,

VB.l"io\.t~ r-esistallf!f) .. bulu tl,ermometci--s with reoo:rdtng provi"ion hava

proven successful as temperature monitoring devices.

Tl1e required sensitivity of the displacement transducers used may be

adjusted according to the ra:ted aC'curacy of the measurement system.

B. r~qtlil)lnent..1~stil,g

'l"11e tempe11 uture measuring and recording apparatus should be thoroughly

tested for accuracy of calibration, response and drift. The availability

of sensitivities of at least 0.1 0 F is desirable. Time constants of sensing

·elements of about 30 sec are recommended.

Before the displacement transducers and associated apparatus are used

they ShOl.lld be calibrated and checked for drift in the environment. An

rr electronics drift c11eclt" s110uld be performed by blocking the transducer

and observing the output over a period of time at least as long as the

duratiorl of the drift test to be performed. II Blocking'l a transducer in

volves mal<ing a tranSdtlCer effectively i.ndicate on its own frame, base"

or cartridge.

c. Preparation of tl]e System for Test

An esse11tial feature of the drift checl<. is that conditions during the check

must duplicate the 11 normal'l conditions for the process as closely as

possible. Therefore, before the check is started, "11ormal" conditions

Inust be determined. 'I'he actual step-by- step procedure followed in the

sllbject process must be followed in the same sequence and with the same

timing in the drift check. This is especially important in terms of the

actions of any human operators in mastering and all preliminary setup steps.



\V il.h 6.S lit"le dC\'icltio11 fron1 normal procedure as possible, the displace

l11cnt l.ransdllccrs S}10l11d be introduced between the part (or master,

dOj)cndi"lJ ()n tl1u typo 01' dr1 lft ch.0cl<) and t11e rest of th,u C-£r-amo suol'l

t]1at i.t n1easures relatively displacement alo.n£: the line of action of the

s\lbjcct n1Cc1.SUremcnt process.

rr11e temperature sensing picl<up must be placed to measure a temperature

whic11 is correlatable with tl,e drift. Some trial and error may be

necessary. In the extreme case, temperature pickups may have to be

placed to measure the temperature of all of the active elements of the

measurement loop.

D. l,epresentative Time Period For a Drift Check

011ce set up the drift check should be allo\ved to continlle as long as

possible .. with a minimum of deviation from II normal ll operating conditions.

In situations where a set pattern of activity is observed its duration should

be over some period of time during which most events are repeated. vVhen

a 7-day worl< \veel( is observed in the area, and each day is much lil{e any

other I a 24-}1our duration is recomlnended. If a 5-day worl<. week is ob

served, then either a full-week cycle should be used or checks performed

duri.ng the first and last days of the weel<:.

E. IJostc}1ccl< Procedllre

After the drift test, the displacement transducers and the temperature

recording' aJ:.1paratus should be recalibrated.

l~. Evaluation of tIle Drift Check (Drift-Check Repor!.L

I1'ollovJing t}1e drift checl<, the data should be assessed for the following

values.
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(a) N0111)criodic l~:ffects - t11e effects of t11e operator tend to

disappear \vith elapsed tin1C. These and similar effects

s110uld be described and the portion of this error not

campen.sated by soal< out should be included in the TVE .

(b) TCn1!)erature Variatio11 Error ('l"VE) -

For zero or small mastering cycle time.

r"Maximum excursion of part-comparator and master- I

TVE = I comparator drift curves when curves are aligned for \
I in-phase temperature conditions over representative i

Ltime period. J
(Part-to-master drift)

For significant n1astering c,ycle times.
,."
: Master-comparator drift or

= I part-comparator drift, which-
TVE ; ever is greater. for chosenLmastering cycle time

Use whichever of above TVE is greater.

r" ~

I ~
IPart-to-master !
ldrift error as above.)

A complete report of the drift check findings should include the following:

Thermal Drift-Checl<: li.eports Outline

Items in parenthesis are suggested as a g"uide to what might be pertinent

under a heading.

1. Description of System

a) Identification

(Mfgs., model, pertinent specifications, and dimensions)

b) Component Motions

(Active elements, lines of action)

c) Operations

1) Type of operation
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2) 'fYIJical \vorl<piece

Sizes

YIn t() rial '3

Minimum tolerances

3} lVIctl10d of l1.'lusteril'lg

4) Cycle times

(Operating" mastering')

2. Environment Descri.ption

a) Room Features

(Size; solar exposure; exits; wall, floor, ceiling, and other

heat sources)

b) System l1'eatures

1) [.location with respect to If room features"

2) Internal heat sources

(Motors, lamps, electronics)

c) Air Circulation

(Inlet-outlet loc~tions, sizes, numbers, drafts, air volume

circulated)

d) Temperature monitoring and control

3. rrest Apparatus Description

a) Temperature monitoring

(Identification, response, sensitivity, location)

b) Displacement monitoring

(Idel1tification, response, sensitivity, location)

4. Procedure

a) Stepwise description of testing
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5. l\c~ults

(I)isl)lacement-temperature va time graphs; maximum displacements

and temperature variations; cycle times; causes if known)

6. TVE

7. 1~ecommendat1ons

APPENDIX C: A METI-iOD FOR DETERMINING FREQUENCY

RESPONSE OF A MEASUREMENT SYSTEM

Data obtained from step-change experiments performed on the 15 inch

Sheffield rotary contour gage gave: (1) an indication that the system was

linear with respect to thermal variations, and (2) the set of data correlating

temperature variation with drift,

T11e basic characteristic of a linear system is that the output (in this

case, drift) corresponding to any input (temperature variation) is the sum

of outputs corresponding to the c.omponents of the input.

This characteristic permits the use of the data of Fig. 7 in computing

a predicted drift for a variation of temperature in the environment of

tIle S11effielq gage as follows:

Suppose that the temperature variation is recorded as shown in Fig. C-l.

This record can l)e approximated by straight lines over 7-minute increments.

This procedure decomposes the temperature variation into a series of

comp011ents similar to that of Fig. 7,

':ehe drift corresponding to anyone of these components can be determined

by scaling the data of Fig. 7 I

11'igure C- 2 shows the resulting set of drift components and their sums

Wl1icll is an approximation to the drift caused by the temperature variation

of l:t'ig. C-l.
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1"'his cOln})uiation procedure is cumbersome when done by hand but is

oasily and qllicl.;ly done by a digital computer. The results shown in Figs.

8 llJ1d 10 of t}1C l)aper were computed using an IBM 7094 digital computer at

t11e Lawrence l~adiation Laboratc)ry.

T11ere are two practical considerations to be observed in making

computations of this kind:

(1) It must be possible to make an accurate approximation to the

temperature data. F'or example, in the case described above,

a temperature variatic)n consisting of a sine-wave with a period

of less than 7 minutes cannot be approximated by the data

available.

(2) Because of tIle II memoryl! of the system, the computed drift is

in error until a periocl of time equal to the soal<-Qut time has

elapsed. For example J in computing the data for Fig. 8, the

drift computed for the first 12 hOl.lrS of temperature variation

record was inaccurate and was omitted.
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4. G. E. Guillaume, II Temperature of Standardization of Industrial Gages

(La temperature de definition des calibres industriels), II Rev. Gen. de
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-48-

5. j\ I J'>erard I 11 (;oncerlling Standardization Temperature of IJldustrial
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-40-

8. I~ I Noell a.nd II. I-Iuhn, II Investigations of the influence of temperature

varintiorlB 011 t11e r~~din"s of Q. compQZ"Qrtor- with lQ~lICi machA.nicA.l

nlag"l1ification,lI Z. I11strwnl<de, Vol. 67, NOt 11, Nov., 1959, pp. 285-8.
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l1eat source, for example .. an operator or a lamp, on comparators with
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10. D. I{. Cheng, Analysis of Linear Systems, Addison-Wesle~y, Redding, 1961.
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National Bureau of Standards, 1960, 4 pages. Gives historical back

ground of· three standard temperatures; discusses importance of knowing

coefficielJt of thermal expan,sion ~ccurately, and discusses proposed

cha11ge of standard tempera~ure to· 23° C. (Not published.)
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Berkeley.. Janua.ry 1965.
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B = PART-TO-MASTER MAXIMUM ERROR

A =MAXIMUM CO~J1PARATOR DRIFT
FROM .PART OR ~1ASTER

DURING MASTERING CYCLE

A - B = APPROXI ~11,L\TE TVE FOR
MASTERING CYCLE SHOWN
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COf\~ PARATOR
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TIME
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I
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I
I
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I I
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MASTER I NG eye Lr::

:;): 2

DISPLACED
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~----.---.--.. .... AT 68 0

x = TRUE ERROR f·OR
I MASTERING CYCLE iFl

X2 = TRUE ERROR FOR
MASTER ING CYCLE :/): 2

(A1+A1)-a-X 1 FOR SINUSOIDAL CURVES SHOWN.

CALCULATED APPROXIMATE ERROR (A-B)
(A2+ A2) -B-X2 I S SOMEWHAT LESS THAN TRUE ERROR (X)

.J?ig. ] 2. Drift error for two Inastering eycle tilnes.
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B = PART-TO- MASTER MAXI MUM ERROR

- =A+ A = MAXI ~J1 Urv1 COM PARATOR DRI FT
FROM rviASTER

X = TRUE E~RROR IF PART IS
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.I~'ig. 13. I)rLft error whel1 comparator drift is bt?tvv"eel) lllastpl' a11d llurt".
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LEGAL NOTICE -----------~

This report was prepared as an account of Government sponsored workt
Neither the lJnited States, nor the Commission, nor any person acting on
behalf of the Commission:

At Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness I or usefulness of the information con
tained in this report, or that the use of any inforrnation, apparatus, method,
or process disclosed in this report may not infringe privately owned rights; or

Bt Assumos any liabilities with respect to the use of, or for damages
resulting from the use of any inforrnation, apparatus, rnethod or prOC0SS dis
closed in this reportt

As used in the above, n person acting on behalf of the Commission "
includes any employee or contractor of the commission, or employee of such
contractor, to the extent that such employee or contractor of the COlnmission,
or employee of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract with the Commis
sion, or his en1ployment with such contractor.


