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Uncertainty analysis concepts have been integrated into the undergraduate measurements
laboratorv sequence in Mechanical anineering at Mississippi State University. One of the main
rJh:m tives m’ this three-conurse sequence iv 1o present the concepls and tec hnmgg_\ that are
necessary jor the students to find solutions 0 problem:. usmg an experrmema! approach The
'.JHU(?H\]!!\I lt’ﬂi’n HUUIH Jrunadu(f'r.s Hﬂﬂ' aam a((ﬁﬂ.\f”(}ﬂ ana are men rmruaucea io me con-
cepts of experiment planning, design, debugging, execution, and data analysis. Throughout this
process they perform experiments of increasing difficulty. This paper describes the key aspects of
how uncertainty analysis technigues are used in this laboratory sequence and provides examples
of the applications.

INTRODUCTION this course is Experimentation and Uncertainty

ERRORS are present in every experimental
measurement, and unccrtainty analysis allows

examination of the effects of these errors in all
nha‘;e‘; of exnerlmenml programs. At Mmmemppl

State Un1vers1ty we have 1ntegrated uncertainty
analysis concepts into our Mechamcal Engineer-

ing lnhAaratasy camiamas o dm o

ing laboratory sequence. This allows us to present
a logical approach to experimentation through the
appllcanon of uncertamty analysis in the p]anmng,

design, construction, debugging, execution, data
analvsig

S2Y 823,

programs.
The three-semester measurements laboratory

. S Y |

DD\.]_L‘ECIILC COnsIsts Ol inree Ol’le-cre(lll hour courses
in which the students meet for 3 hours one after-

Jdlits 1Ilcct 101 220228 QUL allcl

noon each week for 14 weeks. In the first course the
students are introduced to the basics of expen—

mentatinon inchiding trancdiinare ciamal Amemdie] ~
saancuv aiviyUilg iransaucers, blglld.l ColAIuoI-

ers, and analog, digital, and microcomputer based
data acqmsmon The students become familiar

Frrrs Iy

witn most of the types of typical mechanical

englnecnno measuremente An introductary laval
----- . WAL, 4 ML llllluuu\’l\)l] vyl

measurement techniques text [1] is used in this
course.

B8 aam e 2L

Tn th
ii tne second course the students are introduced
to the concepts and annllcmmnc of llnr'r-'lrfmntu

QIS =aiiL LA icaian

analysrs This | mtroductlon is done in the context of
planning, designing, and executing four expen—

ments and analuzing and samardima sl o enoss
S Qill uxu.uyhuls anu 1cpul llllg LIIC lcbullb lllc

course material is arranged so that the students’
degree of understandlng of uncertainty analysis

rn-n-n.. PR

BIUWS as e semester progresses. The text used for

and rPnnrhnn nhacaec af avnarimental
allld ICPOInug pnascs oI CXperimeniad
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Amnalveic fnr Enoinoore hu (Cnlaman and Qtaala [21
LR yoi JUT Lurgentlro Uy LUlvilidll alil Swetiav (4.

In the initial portion of this second course the
topics presented are the philosophy of problem
solving via experimentation; the meanings of such
(‘nn(‘E‘r‘ItQ as E‘XnPT’ImPI"ITHI H(‘(‘llfﬂ(‘\.’ nremmnn (ran-

dom) errors and bias (fixed) errors, ‘and repetmon
and replication; and the use of uncertainties as
estimates of errors. The basics of the Gaussian
distribution of random errors, confidence inter-
vals, and the Student’s t-distribution are studied,
and an experiment is conducted in which the

conditinne are cat and readinoc are made hv aach nf
LUIIUILIULLS GIL SUL iU ICAULIES Al L diauv Uy vatii Ul

the students separately to illustrate the idea of
precision errors.

In the next segment of this second course, the
concepts of general uncertainty analysis are devel-

oped ‘and used in the context of planning an
experiment. The students learn how to determine

affaneo mAanolIraAmAant arraro an racuilt AF

l.hl: ClLICLLD Uf Hicasui ClcliL C1i1uld vlil I.hC ieoult vl
the experiment and how to consider options for
modifying the experimental program based on the
results of their uncertainty analyses. They then plan

and conducet the cecond exneriment in the cource

CUIL LULIUUL L LI OVL UL DAPUIIIIIVIIL 1 WiV LUBIOw.

Following this planning phase, detailed uncer-
tainty analy51s is studied as the techmque for

correcily handiing bias and precision errors and for
determining their effects on the exnenmental

uncertainty. /. The students do a detailed uncerta.mty
anaJysis of an experiment, conduct it, and then

alamas with

alvlly wiudl 1w

AdAaseeraien Anrem et e

determine the UAPCJ.ulle
uncertainty.

The last part of the second course deals with
experiment operation in the debugging and execu-

tinn nhacac The fourth exneriment illuctratec the
fion phases. 1he fourth expeniment 1lustrates the

concepts of data analysis and reporting for the
situation in which a curve fit for the experimental

I'CSUI[ Over a certain range UI. VdﬂleCb is desired

ednl +
1Lal 1ooult
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along with a statement of uncertainty associated
with the equation obtained.

The third course in the three-course sequence is
a capstone design laboratory in which the students
apply the principles of the prewous two courses to
the planning, design, construction, operation, and
analysis of the results of several experiments. They
are divided into teams, and each team is given a
different assignment for each experiment. The goal
of this course ,and of the three-course sequence, is

to give the students the tools necessary to handle
experimental programs properly, that is, to find
appropriate solutions to problems using an experi-
mental approach.

Now that we have presented an overview of the
three-course laboratory sequence at Mississippi

Ctata TTnivarcity camae of tha cnepific tanicg
Jiawe viiavel Dl.l.)' ’ ULV uL |89 LW B}Jb\rlll\; I.U}J].\n)

covered in the second course will be discussed. In
the following sections of this paper, details on the
uncertainty analysis concepts covered in this
course are described

AL ST QLT BRIV,

General uncertainty analysis

What uncertainty should be associated with
avesarimantal racinilte that ara Aatarminad by Ana
UAEJC]. iiviital 1eoulwn I.llﬂl alc uciciliuieu U_y LuULLY
bining several measured variables using a data
reduction equation? The measurements of the

variables (temperature pressure, velocity, etc.)
have uncertainties associated with them. and the

ALATE wnLaLlildaanautd asSsUtadlvla Waila wuabiil, Qal o waav

values of the material properties which we obtain
from reference sources also have uncertainties.
How do the uncert a‘ﬁ“" in the deVIUU' i dn-
ables propagate througt
into a result? This is a ke
tion, and its answer is found using uncertainty
analysis.

In the planning of an experimental program, the
approach we use considers only the overall mea-
surement uncertainties and not the details of the

bhiag and nrecicsion comnonents of those uncertain-

IGO0 QiU PIULIsIVIL LULLIPULIVIIG Ul LIUSLE Wiivl walil

ties. We call this approach general uncertainty
analysis It makes sense to consider only the overall
UI]CE]'Idll'l[y in each measured variabie at this Sldgﬁ
rather than worry about which part of the uncer-
tainty will be due to bias and which part will be due
to precision errors. In what we call the planning
phase, we try to identify which experiment or
experiments will give us a chance to answer the
questions we have. In general, the particular equip-

ment and instruments will not have been chosen—

whether a temnerature will he meacured with a

VIV LIILI O CALPUIGLUIT Wikl UL IHMVAsUILU il &

thermocouple, thermometer, thermistor, RTD, or
optical pyrometer, for instance, is yet to be decided.
Consider a general case in which an experimen-

tal result 7, is a function of J variables X;
Y Y. Yy (1
r=r(X,,X;... X)) ¢y

s the data reduction equation used
for determining r from the measured values of the
variables X,-. Then the manner in which the mea-

surement uncertamtles propagate into an uncer-

ldully l.Il I.ll.C leUll lb ElVCIl U)l lllC Chplﬁbblull

developed by Kline and McClintock [3],

- R ITEY

I =l/ar rr_\l_l_/ar J’I'\:_L
K TRV SRS
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where the U [y are the uncertainties in the measured
variables X,. Ali of the uncertainties (Uy ) in
Equation f’)\ represent the intervals around the
measured values X, within which the true values of
X, are expected to lie. These uncertainties are all

CAp1 CbbCU Wll.ll. l.llC SdAllIC UC&ICC Ul LUUIIUCI!LC
usually 95% confidence (or 20-1 odds).

A primary point which is made to the students is
that a general uncertainty analysis should be used

in the verv initial ¢taose af an aynerimental nra-
LI UL YUl y uhiudl stagls Ul dill vapliiniciiudn piy

gram. The information and insight gained are far
out of proportion to the small amount of time the
analysis takes, and parametric anaiysis using a
rance of assumed values for the uncertainties is

Salipght UL QooRRiIILL VAILLS D AT LRLIiaiiiils

perfectly acceptable.

Example. Consider the following example of the
use of general uncertainty analysis in the planning
phase of an experimental program. A company
needs to determine the solid n::artmnlmp concentra-

tion in the exhaust gases from one of its process
units. Monitoring the concentration will allow
immediate rECOgI‘uLIOﬁ of unexpecteu and un-
desired changes in the operating condition of the
unit. The measurement is also necessary to deter-
mine and monitor compliance with air pollution

raonlatinng Tha meacuremaent neade ta he acrcnrata
ICEUIdUUIS, 1 ne Mmeasurcment neeas o o accuraitc

to within about 5%, with a 10% or greater inaccu-
racy being unacceptable.

A laser transmissometer system is proposed to
measure the prnmr‘horl area concentration of the

jRaLwa it} Sy S § Lol Uyt ta LUl TLE aQuiiin (41w

particulate matter in the stack exhaust. A schematic
of the laser transmissometer system is shown in
F]g i.A laser Ueam passes lllfﬁug[l the exhaust gdb
stream and impinges on a transducer which mea-
sures the beam intensity. The physical process is
described [4] by the expression

T = = oa—CEL 3
i < ) w

I~
S

In this expression, I, is the intensity of the light
beam exiting the laser, / is the transmitted intensity
after the beam has passed through the scattering

and ahenrhino medinm of thicknecc f and Tic the

fractional transmitted intensity (the transmlttance).
The projected area concentration C is the pro-
jected area of the particulates per unit volume of
the medium. The extinction coefficient E is a
function of the optical properties of the particulates
but has an asymptotic value of 2.0 for the con-
ditions of interest.

If we assume a 1% uncertainty for all the

measurements and perform a general uncertainty
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Fig. 1. Schematic of a laser transmissometer system for monitoring particulate concentrations in exhaust gases.

analvsic over the ranee
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transmittance (0 to 1), the results givenin Flg 2are
aSSUmeU llldy or IIldy I‘O (0] erllblIC, bu
point we are merely consi i
the experiment.

Looking at Fig. 2, we see that the uncertainty in

the cancentratinn incrancag
i vuULLvIILLAuull LIvicasicd BlElllllLallll)‘ ad

transmittance approaches 0.9 or greater. In an
actual exhaust, an acceptable transmittance would
probably be greater than 0.9. If the acceptablie
transmittance for npprnhnn of the plant were 0.05

AL AINICC 10T iqnailin VL Paaiil WAt VP,

then the uncertainty in the particulate concentra-
tion measurements would b about 20% ThlS

valiia 10 granta- sl RO R . B,

vaiuc 1> gi cater uan our p

gignifirnantly oo th
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= Fig. 2. Uncertamty in the experimental result as a function of
the transmittance,

5-10% uncertain nty. Since we are domg an un-
certainty analysis in the planning phase of an

experiment, we are free to p}ay ‘what if’ with almost
no restrictions. In fact, pmymg ‘what if” at this stage
of an experimental design should be encouraged.

UL all el

Consider the expression for the transmittance
T=e CEL 3)

A decrease in the transmittance would put the
operation of our system in a more acceptable
uncertainty range as shown in Fig. Z.Fora given set
of operatine conditions, the characteristics of the

Vptiauiiag LRl R0 LAlAalal Tl 1

exhaust flow are fixed and therefore C and E are
fixed. The onJy way to cause a decrease in T then,
is to increase L, the path length of the light beam
through the exhaust stream. Rather than recom-
mend that a new, larger diameter stack be con-
structed (!), we might recommend that two mirrors

on adjustable mounts be purchased and used as

shown in Fig. 3.

N\
\ Mirror

= = = .
] dl

\ J e
N

meter
Fig. 3. Multiple pass beam arrangement for the transmissometer.
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The two additional mirrors allow multiple passes
of the beam through the stack, thus increasing the
path length ., decreasing the overall transmittance
and decreasing the uncertainty in the measurement
of C. For example, consider the case when all
measurements are made with 1% uncertainty and
the transmittance for one pass of the beam through
the stack is 0.95. The effect of additional passes on

the transmittance can be calculated from
T( 1 naccae) = OQ\’T The hehavinur nf the ninerarc

i \.r: Puua\.u} \VeFJ) s 1v vliiavivul Ul it ulibl

tainty in the result is shown in Fig. 4 as a function of
the number of beam passes through the stack.

The resuits of the above analysis indicate that the
nronosed system, with modifications. micht he ahle

Pr St Sy Satail, WY 1L LLRUGILCAUUILS, LI UL QUiT

to meet the requlrements. Additional factors, such
as the effect of laser output (1,) variation with time
and the probabie behaviour of £, should be
investigated [5,6] if the implementation of the

technique is to be considered further.

173
Once the expenmemal approach has been
planned, we turn our attention to details of the
specific instruments and techniques to be used. In

this detailed uncertainty analvsis

s detailed uncertainty analysis, w
sistent with the approach outlined in the ANSI/
ASME Standard on Measurement Uncertainty (7],
. | Ll an o e g i S—
the details Ul the bias and the precision €rror1s in
each measured variable are considered, and the
propagation of the bias and precision limits into the
expenmental result are investigated separately.
The primary reason for considering the more
complex approach of detailed uncertainty analysis
is that it is very useful in the design, construction,

debugging, data analysis and reporting phases of an

|/

which is con-
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Fig. 4. Uncertainty in the experimental result as a function of
the number of beam passes.

fixed error which can be reduced by calibration but
is unaffected by averaging multiple readings. How-
ever, the precision error is a variable error which
can be reduced by averaging multiple readings.
This differing behaviour of the two components of

the nnrertainty makec it decirahle and nececcary tn
LT BLILTI LAy LIARTS 1L Ulsiiauviv Ay vl eosar y v

consider the components separately.

The situation which we wish to analyze is illus-
trated in Fig. 5, which shows a flow diagram of the
propagation of errors into an experimental result.
Each of the measurement systems which is used to
measure the value of an individual variable X, is
influenced u_y a 1arge number of elemental error
sources. The effects of these elemental errors are
manifested as a bias error (estimated by the bias

limit B;,) and a precision error (estimated by the

Elemental

€iTor SoUces

: 1 : 2) mmm———— (S —==——— Individua!
\]/ measurement

I | | Sysiems

X X X Measurements
. ln, n. 2.:, —_———| J,,, ~«—— of individual
1 il S5 variables

=X X5 vl _ Data reduction
\a]y gy r A J] -(——-equation
r
—<—_Experimental
B, P, result

Fig. 5. Propagation of errors into an experimental result.
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precrsron fimit I’) in the measured value of the
varinhle Thege errors in the measured values then

Variacis, a:iTots L2i10020 222 230 22202 valliba fa2as

propagate through the data reduction equation and
cause the blas and precmon errors in the experr-

,,,,,, nwa actizantad rtha lhing liess

menral H:buu wulul ai€ Ciinalca uy tne oias imit
B, and the precision limit P,.

"The procedure in detailed uncertainty analysis is
to investigate the contributions of the elementai

arrnr cnnirene nhtain ectimatec of the hiac and
error sources, Gollain &simales O nd °2las and

precision limits for each measured variable, and
use the appropriate uncertaimy analysis expres-

sions (developed indetail in (2]) to obtain values for
the bias limit B, and precision limit P, of the

experimental result. The uncertainty in the result is
then expressed by combmmg these two error

-o

COMpONEnts in one of two ways
u.= [B: + P22 4)
or
Uf\l)\‘ = Br+ P-" (5)

AL IUUTSUIITOyua i

approximately 95% coverage of the true value. The
additive uncertainty, U, . resultsinapproximately
§9% coverage when the bias and precision coniri-
butions are of the same order and 95% coverage

when one is negligible relative to the other |7].
These statements assume that the bias limit esti-

matoc ara all mada at OK0/ ~nnfidanaa (N +~ 1
inatvo aiv an liauc al 7Jo /o culuaclivo \LU w1

odds) and that the Student’s ¢ value in the precision
limit (P = 1S) has been chosen for a 95% con-

Iluence ievel (Wnere .) lS the preClSlOn lﬂdex) The
details of determinine and handline the bias and

Ol UL LA lNE QAU LlQliUlilly WL UhAs Qi

precision errors and of handling the situation
where bias errors are correlated are beyond the
SCGpe Ul this paper but are UISCUSSCU lﬂ con-
siderable detail in [2].

Example. Consider the fo'iowing example of the
use of detailed uncertai inty analysis in the design

necliall _.._...J L - o

and execution phases of an experimental program.
A mining company wishes to determine the  heating

value nf came lignite ~nal im s ac ar P

YALUL UL suULLIC LETIIE \.Ual 111 Wlllbll I.L lld.b dall llll.CI est.
They want to know the uncertainty associated with
measunng the heating value of a single sample of
the material.

Thf‘ heatino va!nn will ha datarminad with an

=aeauilly ML VYLD UL UL IIIIEICU WILIL All

oxygen bomb calorimeter. This device is a stan-
dard, commermally available system for makmg

thic tuea R PP

uiis 1ype UI Uclcrmlnaﬂon A measured Sample OI
the fuel is enclosed in the metal pressure vesgel

which is then charged with oxygen This bomb is

then piaced in a bucket contalnlng 2000 g of water

and the fiial i ionitad i R P |
2wl aud IS IgNNnea Uy imeans Ul dll el1ecirical IUM;'

The heat release from the burning fuel is absorbed
by the metal bomb and the water. By measuring the

temperature rise (7, — T,) of the water, the heating

value of the fuel can M determined from an enarme
28N 2 WAL U dulv NG LIVl ALl \—ll\-ls_y

balance on the calorimeter which gives

—~

]

L)
3]

T,— T)C—
H= — 6)

wnere H iS the nearlng vaiue (cal/g), Tis Iempera-
ture (K\ ( is the calibrated energv eauivalent of

TEEE TEesE e e ToJ TAATT T TETEEE

the calorimeter (cal/K), e is the energy release from
the burned fuse wire (cal), and M is the mass of the
fuel sample (g). Note that this is the higher heating
value since the vapor formed is condensed to
liquid.

In performing a detailed uncertainty analysis for

thic exneriment it ic nececcarv to firct nhtain
RS LapLinntiin dvoas LSLLobaly Liiov UuUiGaaa

estimates of the bias and precision limits for the
variables in Equation (6). Using information from

prt:kub cxperlmcnls calibration CldId and uncer-
tainty techniques, appropriate values are obtained

and presented in Table 1. Data from a typical test
are also given in the table.

Table 1. Estimates of the bias and precision limits for variables

in heating value delermmanon and typical test data

Variable Bias Precision Test value
limit limit

T, 0.1 K +0.029K 2974K

T, T0.i K +0.029 K 2552 K

C +14.8 cal/K 0 2493 cal/K

e 0 0.7 cal 12 cal

M 0 +0.00028 g 1.0043 g

Using these bias and precision limits in the
detailed uncertainty analysis techniques, it is found
that the bias limit for the heating value is

B, =127 cal/g (7
and the precision limit is
Py =1102 cal/g (8)

The uncertainty (with 95% coverage) is then found
using Equation (4) as

w=[(27) + (1022 =+106 cal/g  (9)

This uncertainty represents the 95% confidence
iimit estimate of the error associated with making
cinole determinationg of the lionite heatino value

SRiEiv Lt ti IS VL tub pi it v Guiig Vit

The techniques of detailed uncertainty analysis
allow us to answer many other questions about the

lignite heating value. If the quesnon were what is
the heating value of a portion of the total lignite

deposit, then data from many tests could be used to
determine the effects of the moisture and ash
variability in the samples on the overall uncer-
tainty. This uncertainty would obviously be larger
than that for a single sample measurement given in
Equation (9). We could also predict the probabie
ranges of heatine valueg in the dppnsn

iGiigoo Uz AAVU!—IALB VQRITU 122 wiiv v

The key point here is that detailed uncertainty
analysis allows us to predict where the true value of
the experimental result will lie with a certain degree
of confidence. Considering the bias and precision
limits of the separate measurements, we are able to
determine the controlling contributors in the over-

all avmarimantal arrar In tha decion nhace af the
du CAPTIIMCa: CITUI, il Uil GGSIgh pliast Ui uic

experiment, we can choose to recalibrate or change
instruments if we find that the uncertainty of the
resuit wiii be too iarge.
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RUNNING EXPERIMENTS AND

MR NATYTTIRTA T

REPORTING DATA

After proceeding through the planning and
design phases of an experiment choosing the
instrumentation, and building up the experimental
apparatus, typically a debugging and qualification
phase is necessary. In this phase, we try to deter-
mine and fix the unanticipated problems which

occur and to reach the noint where we feel confi-

il QI W i udaviar e 'JV‘A‘; Yvaaoi T VY AT LN

dent that the experiment is performing as antici-
pated

 Inthe debugging phase of th
primarily making two checks on th
comparison of the scatter in the
we expected to get based on our ca lculanons in the
un’:‘Sigi‘i puase of the cxpenmem If our results
scatter more than expected (X P_from the design
phase), then a closer look is required at the factors
affecting the experiment.

The nther nrimarv charlk in tha dahuigoine nhace
44w UMEVE PLUIGE Y LULLVL I I WSV USRI pIIaov

of the experiment is a comparison with basic laws
(conservation of energy, etc.) or previously
reported, weli-accepted resuits from other experi-
mental programs. Aoreement should be P)tnP(‘de

within the overall uncertamty of the two quantltles.
Example. As an example of experiment guali-
fication and of data reporting, consider the follow-
ing case. The students are asked to determine the
free convection heat transfer coefficient from

harizontal cvlindere of finite leanoth One of the
aenzontal \.Jun\.n.u.; ol fumte iengin. Une of (e

cyhnders has a §in. (0.00318 m) diameter and is
6in. . (0. 152 m)long for a length to diameter ratio of
L/D=48.

The experim ent is conducted using the steady
state techm . The cylinders are electrically
heated and th d ffe erence between the cylinder
surface temperature and the air temperature is
measured directly with a differential thermocouple
circuit. For this case of no forced air flow, radiation

effects are important and are considered in the data

roadunectinn The nracicinn arrarce far thic evneriment
AVUMVLIUIL 440 PICLVIOIVIL CIIULIO AUL LIS VAU LTI

were estimated to be negligible with respect to the
bias errors, and this was found to be the case when
the experiment was performed and several set
points were replicated.

The e;(pen-mental- results for the cylinder with
L/D =48 are presented in Table 2. While it is

e o e dacd —=aoaslec 1

].lll!JUlld.lll. lU Plcbclll LHC LTHL ITSUIL lll muutai’
form, a graphical representation is much more
useful for observing the full implications of the
results. The results are shown in Fig. 6 using the

annranriata nandimencinnal variahlac MNuccalt
appiUpiiaic  Lviiuinutiisiviiar | vailiavics LN udSCiIL

number, Nu, and Grashof-Prandtl number, GrPr)
and the coordinate system (log-log) which rectifies

the data. The 95% confidence uncertalrlty band is
shown for each data nnmt

Also shown in Flg 6 is a curve representing the
classic results for cylmders with large L/D
(L’B%w) ITom lvtﬁi'gaﬁ lol After re'vrewmg the
data used to obtain the classic results, we concluded

that assuming an uncertainty of +15% about the

Table 2 Experimental results for free convection heat transfer

l[UlIl a IlU[lLUllldl (,yl.l!lul;:[ Wllll LJU = ‘l‘ﬂ lu[lLt:l ld.lll.ly leuﬂ‘!
are for U, = B, and are at a 95% confidence level)

Qllrf'\ré-’- 1o '1|r

face Convective
temperature heat transfer
difference coefficient Uncertainty
AT h U,
(K) (W/m* K) (W/m* K)

xicioivine

——

>N

0.6

_
o
oo
DI AL g B 0 1
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nominal enrve ceemed annronriate Thic hand ic
nominail curve seemeq appropnate. 1nis ba 1S

shown around the correlation curve in Fig. 6.

The following points can be made concerning the
data presented in Fig. 6. First, the comparison
between the experimental data and the classic
results for L/D — is excellent. The data and
uncertainty intervals from the experiment fall

v mmsbnzsaber lanesd nsmes A meveeal b e
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As anticipated, this long cylinder (L/D = 48)
approximates an infinite cylinder and provides the
opportunity for a check against ‘known’ values.

Alen ac chawn in Fio 6 the eyneriment wac run
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so that four experlmental set points were repli-
cated. The small scatter in these results relative to
the size of the uncertamry intervais shows thai for
this mmenmenr the nremqmn errors are much less

than the bias errors. This comparison thus confirms
the estimates made in the initial phases of the
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CONCLUSION
We have attempted to give an overview of the
applications of uncertainty analysis in undergradu-
ate engineering laboratories. We have used exam-
ples to try to illustrate the key points of our

presentation.
Qur objective in the Mechanical Engineering

A 41 AL VaALAaidLllar Llipanattililip

laboratory sequence at Mississippi State University
1s to present a loglcal approach to expenmentauon

l.ﬂl ngll UIC dppl!l.dllUll Ul UllLCrldlllly dlldlyblb lll
the planning, design, construction, debugging,

execution, data analysis, and reporting phases of
experimental programs. We carry the students
thranah thaca gtance in tha canand Amnirca in tha

LlllUuEAl ivow DI.‘-PD i Lllb oVLUILIU LUULOC 1 I.llU
laboratory sequence by planning, designing, and
running four experiments and analyzing and

reporting the results. The students then apply these

nrincinlec in the final meacurements Inhnratnr}!

pranalaphios i uib s ntasuitinbais aviiaves

The book [2] used in this laboratory was devel-
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Fig. 6. Free convection heat transfer data for a horizontal cylinder with L/D = 48 (nondimensional rectified coordinates).
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