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Module - 01
Outline, Introduction
Lecture - 02
Experimentation processes and applications overview

This is the 2nd lecture of the 1st module; on the course Introduction to Uncertainty Analysis
and Experimentation. Today we will pick up where we left last time and look at a little more
in detail about Experimentation processes and also applications both of experimentation and

uncertainty analysis.
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Experimentation
+ Experimentation

v "the process of trying methods, activities, etc. to discover what effects they have”
(Cambridge dictionary)
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Experimentation, as we have defined yesterday; is the process of trying methods, activities,
and others; experimentation is the process of trying methods, activities, etcetera, to discover
what effects they have. So, this includes a whole variety of processes and these are listed here,

and these are listed in the second item here.

So, what we are saying is that experimentation is everything from thinking about wanting to
do something; to making a setup, taking measurements, collecting the data, analyzing it,
drawing conclusions, and finally presenting those conclusions. So, here we have the first

activity here, we are listed problem definition.



We have to define very precisely what is it that we are looking for that is the first step, having
done that we decide what are the various ways in which we can make an experimental setup

and realize it.

So, there is no one given design, there could be many possibilities, and we have to go through
one of to select in one of them. After selecting that one we go to a complete detailed design,
manufacture and assembly. So, this includes making the rig, buying instruments, putting

electronics together, connecting it to a data logger or a laptop all of that comes here.

After doing that our next step is debugging, which is a set of activities that we do with the setup
to quantify that it is doing what we want it to do in terms of quality, reliability, repeatability,
and many other such things. Once we have done debugging or also called qualification testing,
we are confident that we have a setup that will do what is it that we have wanted to do in the

first place.

Now, we are ready to take data and this is what we call the execution. We run the experiment
again and again for different parameters collect the data, after all that plan of what how much
data we have to take is done, our data taking is complete; we now go to the last phase which is

data analysis and reporting.

Reporting could be a report, could be a presentation, could be a short summary, could be a
paper, could be a thesis any of those. So, all these activities usually go in a single direction, but
there are times when for various reasons of manufacture, we need to go back and change the

design.

Debugging says; well you need to take a different instrument, execution says that well change
the data acquisition software slightly. So, this is in general in this direction, but within steps
there is iteration, and all of this is what we call experimentation. We will come back to it in
much more detail in week 3, now we will just give some examples also to illustrate that how

these abstract ideas actually get translated into a real thing.
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Experimentation: Pre- and Post- test uncertainty analysis

+ Post-test uncertainty analysis

v After all data have been co_ll_e_cled — establish uncertainty

v Reported uncertainty ¢/

v' Generally “uncertainty” - measurement or result, p_Igt_s, regressions, etc.

+ Pre-test uncertainty analysis

v Processes/activities of before experiment execution (i.e. taking readings)

v Use uncertainty information for experiment design and planning Inchrumests
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Now, in that sequence where does uncertainty analysis come in? And there are two stages in
which uncertainty analysis comes in. First, is what we generally know as post-test uncertainty
analysis, which means that all the data have been collected and now we establish the

uncertainty.

So, this is what we report when we finally present the result, is your reported uncertainty, which
in general terms we always refer to as uncertainty, uncertainty of a measurement or uncertainty
of a result. And we also show that when we make plots, we present regressions, there also we

show what the uncertainty in various constants is.

So, by and large it is post-test uncertainty analysis that we have generally come to know as
uncertainty. But there is another phase which is before we even make the setup or during this
assembly of the setup that uncertainty analysis is very helpful and that is called pre-test

uncertainty analysis.

So, this is the stage where we have not yet designed the setup, we are in the process of selecting
parameters, we are in the process of selecting instruments and we are also deciding how many
readings to take, how to take, in what sequence to take, all of that is still fluid and we need to

take a decision on that.

And, one of the criteria by which we make those decisions is to do an uncertainty analysis and

that helps us a lot in experiment design, planning and also selection of instruments. This is very



valuable because especially when it comes to instruments, this means usually a lot of
investment is involved and it is very important that we wisely use our funds to select the right

instrument that will do our job and that is where uncertainty analysis helps us.

The difference between pre- and post-test uncertainty analysis is that in this case we do not
have any data. But we have information about the setup, about its behavior, about instruments
and with that information we work out the uncertainty. So, this is no data from our experiment,
but there could be previous data which would be here. So, there are two very different ways in

which we use uncertainty analysis in those stages that we just saw.

So, what we are saying is that in these stages, so this is where the execution is, before the
execution we have pre-test uncertainty. And after the execution in data analysis and reporting
this is post-test uncertainty or what we generally know as when we report a result we just call
it uncertainty. So, that is an important thing to know about both experimentation and how

uncertainty analysis comes into play.
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Now, we will take some examples and | will ,also show some pictures of what is this
experimentation and the example | have taken here is say | want to know the thermal
conductivity of a material or I could say | have a new material and I want to know whether its

thermal conductivity is less than the material I already have.



So, in this case we are asking for new data which will be used later on in some other design
process and here we have a hypothesis which we want to test. There are many many examples

of materials whose thermal conductivity is needed.

For example, if you see buildings which have got colorful panels stuck on the outside those are
composite multi layered panels, where outside there is a base sheet of aluminum, on that there

is a very thin coating of different color which is what we see, it could even be printed.

Behind that is a layer of polyurethane foam and this panel we have put some glue on it, and it
is stuck to the exterior of a building. And that is how you get the exterior facade of buildings
that you see around you. One requirement is that (of) this thing has to withstand many
conditions. We need to know what is its strength, we need to know whether it how it will
behave in a fire, we need to know whether the glue will come off, we also need to know how

much heat transfer takes place between the outside of the building and inside of the building.

So, this is your outside this is the inside of the building and we need to know this calculation,
because from this calculation we get an important number that goes into designing the air
conditioning of the building. So, we need to measure the thermal conductivity, in this case it is
not a single material, but a composite.

This is one example; in food processing we could ask a very simple thing what is the thermal
conductivity of a vegetable say a potato, | say well why do I need it; | would be boiling it or |
would be deep frying it. And, the temperature and how long it stays at any point inside the
potato, this will decide how well the cooking has taken place.

And that will decide whether it is raw, is not fully cooked, what flavor it has got, is it
overcooked, all of that requires information about this thing. And one of the things to predict
what is the temperature inside this, we put an instrument and measure it that is one way. The
second is we measure its thermal conductivity and go to solve some equations and find out

(what are) what to expect.

So, this is again you need a thermal conductivity and it is a very tricky issue in this case,
because as the temperature changes with time the property of the material itself changes. So, it
is a little tricky measurement out here. But what do we do, suppose we follow the same steps

that we have looked at in what experimentation is.



First, we define the problem; see | have, look this is the material | want (I want) this thermal
conductivity within plus minus so much percent or we can say | want thermal conductivity of
this material as per this particular standard. Once we have said that, we say well what is the
apparatus that | need to have? Either | can make it from scratch or if it is the standard it may

tell us a broad principle of how to design this apparatus, then we have to follow this.

So, if we take that and now we have lot of options before us, because neither this case where
we have to make the setup ourselves from scratch, or this case where we have to make it from
a standard, they do not tell us what the size of the sample should be, what the temperature
measurement technique should be, how do you measure the length; they give very broad

guidelines especially in standards of what to do and what not to do.

After that we have lot of flexibility in deciding what we want. So, that is a decision to be made
and that is where uncertainty analysis comes in. And this is your pre-test uncertainty analysis.
With that we design the full geometrical features of the setup, we set up the manufacture we
make the engineering design, buy the instruments, make the various parts, assemble them

together, and now we are ready to say that look I can operate it.

Once it is ready for operation, our next step is debugging, where we run the test many times
and check that it does everything right. Once we are satisfied with that, we go ahead collect
data. After data is collected, we analyze it and report it. So, these are the general steps that we

said what experimentation is and this is how we will be doing this.

We will come back to this example in more detail in week 3 and there is also a very extensive
discussion on this particular problem given in the notes. | have picked up this topic in part
because this is something everybody has learnt in science courses in school, in many
engineering branches this is one of the experiments that they do. And so here is something that
students, faculty, researchers from various fields have at least had as an exposure and you can

appreciate what it is.

Plus, it is also a very simple thing in that we have only one formula that is coming from the

heat equation which is based on Fourier’s law, that heat transfer rate is minus k A delta T upon

L.

. kAAT
qx_ L



How do we measure? This has to be measured, this has to be measured, this has to be measured,
and so here we have instruments to be used; how to measure it, establish its uncertainty, and

this has to be measured.
After that we use the formula of k is equal to minus g dot L upon A delta T and calculate k:

L

k==4x a7

And its uncertainty which we have to represent as some value plus minus some value at some
confidence level. So, we will come back to this in more detail when we look at experimentation

right.
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Experimentation - Example

Thermal conductivity of a material ASTM E1225 - 13
Chassis dynamometers

IS 17429 : 2020 Solar Photovoltaic Water Pumping Systems — Testing Procedure —
Guidelines

Medtronix Ventilator
(Iable 2.3)
0

Now, I will give you quickly some examples of standards and facilities that people would use

in experimentation.
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1. Scope
1.1 This test method deseribes o teady state techniqoe for

" the determination of the thermal conductivity, A of 3 Referenced Documents
. solids (see Notes | and 2). This test

bncth hwlnNe 0 materials with cffective thermal con- 3»: Afmunbm
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Here is an example which is the standard from ASTM American Society for Testing and
Materials, the standard designation is given here at the top and this is E1225, this is ASTM
standard E1225 which is the standard test method for thermal conductivity of solids using the

guarded comparative-longitudinal heat flow technique.
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4. Summary of Test Method

A1 A test specimen i (merted under Joad between two
similar specimens of a material of known ihernul propertics, A
femperature gradicnt s established in the test stack and heat
losses are minimized by use of o longltodinal guard having
" y the same gradicn. Al
conditions, the thermal conductivity is derived from (he mes-
sured temperature gradicats in the respective specimens and
the thermal conductivity of the refereace materials,

42 General Featwres of Test Method:
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How techakjue aro shown in Fig. 1. A specimen of anknown
thermal conductivity, Ay, bet having an estimated thermal
conductance of A/ 1y, i mounted between two meter bans of
Koown thermal conductivity, Ay, of the same cross. section and
S\ Smilar thormal conductance, 4y fy. A more compler but
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1510069 2017 H..

51742920001 Manual - Servc...

ROOO m-R- T 8

barspecimen isterface. The errors caused by these two 2
sumptions vary widely and are discussed in Section 10,
Bocuuse of these two effects, restrictions mast be placed os this
fest method, If the desirod accuracy Is o be achieved.
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establish details of comstruction and procedures 1o cover all
contingencies that might offer difficulties 10 a person without

o 0f this test method ix oot insendod o festrict in any way the
future development by research workers of new o methods or
Improved procedures. However, new o improved fechakgoes
munt be thoroughly tested, Reguirements for qualifying an
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6.

method how to do it, its significance, and use and requirements.
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(Y " fabeicated from wires which are 0.1 man diameter of less. A
constant reforence shall ulways be provided for all
cold junctions, This reference can be an fee-cold slarry (3),
constant lemperature zone bot, of an chctroalc ke polnt
reference, ANl ihermocouples shall be fabricated from cither
~ calibrated thermocouple wire (4) of from wire that has boen
certificd by the supplier to be within the limits of eror
specified in Table 1 of Standand E230,

634 Thermocouple attachment s important 10 this tech-
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. in fine grooves o snall boles (Fig. 3h, X, and 3d)
Heat ow
Diection
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635 In Fig. 3b, he thermocouple revides in & radial shot,
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In the material. When o sheathod thermocouple of a thermo-
couple with both thermoclements in a twohole electrical
insulator ks wsed. the thermuocouple attachment shown in Fig.
3 can be used, In the laier three cases, the thermoxouple
should be thermally connected o the solid strface wsing 2
suitable gloe or high temperature coment. All four of the
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e — tions can be rigidly attached by peening. cementing. or welding Q

In fine grooves or sl holes (Fig. 3b, 3¢, and 3d)

6.3.5 In Fig. 3b, tho thermocouple resides in & radial slot,
and in Fig. 3¢ the thermocouple is pulied through o radial hoke &
in the material. When 4 sheathod thermocouple or a thermo-
couple with both thermoekements In a two-hole electncal F
insulator is mod, the termocouple attachent shown in Fig. o
1d can be used. In the latter three cases, the thermocoaple

shoald be thermally connected 1 the solid surface using 2 Q
witable ghee or high temperature coment. All four of the
procedures shown in Fig. 3 should include wire tempering on
the surfaces, wire Joops in isothermal zones, thermal wire G
p groumds on the guaed. or 3 combiaation of all three (3). ¢
b ] 6.3 Since uncertainty in temperature semor ocation leads E’
™ Tyl Toat Stack to large errors, special care must be taken (o detennine the
Matching of Tespersture Gradieets. correct distance between sensors and 1o calculate the posable
ermor resulting from any uncertainty,
RG.1
Copyrght by ASTM 1) (sl ights s Wod Ot 14 22 115 EDT M09 ‘
Deasbiaded sses bn
Techsalogy. New Delts Teckssloqy New

v, ) .

So, it gives us a sketch of what the general arrangement of the system should be. So, there they
have said that there is a bar specimen, a meter bar, heater section, guard heater section, and
how much distances they should have, and also where we should put the temperature sensors.
So, these are all the temperature sensors that are coming here, this one, this one, this one, like
that.

And it is also telling you what is the heat flow direction, where is the heater in this, here it is

(up upper heat) upper stack heater, and at the lower end there is a lower stack heater, or a liquid



cooled sink. And so, we establish in this case a one-dimensional heat transfer from the top to
the bottom.
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64 Reduction of Contuct Resistance; 642 For the relatively thin spocimens normally used for

641 This test method royuices aniform beat transfer at the
meter bar 10 specimen interfaces whenever the lemperature
sonsons are within a distance oqual fo 7, from an intorface (6),
This roquirement necesstates 4 umiform coalact resistance
acrons the adjoiniing areas of meter bars and spectmens. This is
normally attained by e of an applied axial load in conjusction

materials having o dow (hermul conductivity, the tempersture
senvory must be mounted close 10 the surface and i conse
quence the uniformity of contact resistance ks critical. In soch
cases, a very (hin bayer of 3 compatible highly conductive Hud,
pante, soft metal foll, or screen shall be inroduced  the
interfaces.

°0 &

wilh 3 conducting mediom af the interfoces. Measarements in
A vacum enviroument are oot recommended. unless the
vacuum s fequired e profction parposes.

Copyright by ASTM Ia (st g srrvedy. Wed Ot 14 2111 SHEDT 09
Dssdiaded prused v

643 Means shall be provided for imposing 3 repeoducible
isd constant load along te column with the primary purpose
of minimiziog interfacial resistances ot meter barspocimen

“ 0 P

i 12513

TABLE 2 Sultadso Thermal nsutation Matorfals

That tells us what is the heat transfer rate, and from then we have the geometrical parameters
from which we calculate the thermal conductivity.
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reference samples must be the same o within | % (see Note 3)
and any difference in area shall be taken into account In the
cakeulations of the result. For the cylindrical configuration, the
radii of the spocimen and meter hane must agroe 10 within
1% and the spectmen radi, £y, mist be such that 7/ is
between 20 and 3.8, Each flat surface of the spocimen and
reference must be fat with a srface finish equal o of befter
than 32- a0d the nonmal to cach cnd shall be parallel with the
specimen axis 1o withia 210 min

Nory b-lm some canes B requiement t st necevary. For cumple.
i

0y ip A '
O Ly e by %0 that el shuneing crrors wouhd he sl fiv g
wetom. Thew wctiom might be by cmomgh 00 (Nrnd empeneane
ey for coough veay 10 ensane (hat
Ieat Bore win uniform. The specmen keng Suukd v wkxiod haed o8
consideratiom of odiun end thermal condactivity. Woee i, is higher than

pertinent output voltages with with the
system capability. Although coatrol can be manual. & techaiqoe
of this peneral description can be sutomated s that » computer
camies out all the control functions, acquires all pertinenl
voltages, and cakalates the thermal cooductivity (7).

y of stadsess el g spechewms with kongeh /7,
331 0o be wed. Thew long scimens permit ihe ose of lipe datances

from e wocortay 1 somsor poution Whea b s kwe than he hevad
condectvily of daiskows wead e wmpk's g mue v reducod
Ivvune uncortamty due ko (he heut dunting becomes o begy.

o Commgby ASTM el (i ghe merved Wed Oct 14 29 TS EDT 0N
Y Dvasdandnd rased V1
Tt b of Trctewlopy, New Dely Trchonbog), New Deld

You can have a look at this yourself, but the thing is where is uncertainty coming in. And this
is where that it has given some information and it says; the conduction area of the specimen
and reference samples must be the same to within 1 percent. The radii of specimen and meter
bars must agree to within plus minus 1 percent. Like this there are several things given, and

finally in the end it tells us how to compute the errors.
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11 Report
11,1 The report of the test resalts shall lnclude the follow-

lng:
1111 Comphete specimen identification inclading shape
and size;

11,12 Complete identification of insulation asd source of &,
Values, gas, and gas pressure;

1113 Statements of temperature sensor type. size, aod
attachment procedure.

1114 Comphte listing of the geometrical dimensions of
the system including r 4, 7, specimen beight, meter bar beight,
und distances between femperalisne sensory;

1115 Colamn force,

1116 Meter bar material and source of by values if other
than those listed in Toble |

1117 Reference to the we of this test method shall inchude
u statement of the percentage variation of the qualification

i lts aboot the troe value. For example, “thermal conductiv
A Bty rosults on Pyrocersm using stainless sieel meter bars were
7 within 4 % of the accepted values for Pyroceram over the
0 4 [ {10 900 K~

W e
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1212 The maimum value of §Z , = Z,) ek, was appron
mated by assuming an uncertainty of £0.5 (sensor diameter) at
cach lemperature measurement position. Therefore, if the
diameter of each semsor v 0.2 mm. the uncertainty in the
ilference woukd be +0.2 mm. The number for &7, = T)) ele,
was calculalod based on the semsor absoluse sccuracy.

1213 With these values the fractional uncerainty fn X'y
will be KL.06% or 6.9 %,

122 Indeterminate Enves:

1221 There are at least theee other ervors that can contrb-
vie 10 ol system emor aad these are (1) noo-uniform
interfacial resistance, (2) heat exchange between the column
and the guand, and (3) heat shusting through the insulation
around the column. These three errons must be minimized o
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1114 Complete lsting of the geometrical dimcnsiins of
the system Including 7 . ry, spechmen eight, meter bar helght,
and distances betwoen leniperatine seoson,

11,18 Colamn foree:

11,16 Meter bar material and source of Ay values if other
than thine fivied (n Table |

1117 Reference 10 the wso of this test method shall inchude
o statoment of the porcentage variation of the qualification
restlts shout the true valoe, For cxample, “thermal conductly
ity fesuts on Pyrocersm using staindess stocl meter haos were

» within £4% of the accepted values K Pynceram over the
femperatire range from 250 10 900 K.

1L Varkations, i any. from this fest method. 1f resolts ane
10 be repoesod as having boen obtained by this mothod, thon all
requirements prescribed by this method shiall e met. Where

diameter of cach s 1 112 man, the encortainty in the
difference would be +0.2 mum. The number for &7, = 7)) et
wan calculited hased on the seme abwolise aocuracy

1213 With these vumes the fractional mcertamty in Ay
will be 0068 or 269 %,

122 Indeterminate Ermorx;

1221 There are a deast theoe other ermes that can contrib-
W 10 Wil syvom e and these are (1) non-uniform
Interfacial resistance, (2) heat exchange between the cokimn
und the puaed, and (1) beat shusting theough the fmsulation
around the column. These theve ervors must be minimezed of
appropeiale. comections applied 10 the data i the desired
aceurncy b o be obeained

1222 The comtibutions from the Last two erors can be

Fle [t View Sgn Window Mel

Home  Tools

B ®8 QOO
T1ES Vanations, if way, from this fest methed. |1 resolts are
0 b reported as having hoco obtaloed by this method. then all
requirements peesribod by this method shall be met. Where

ASTMER2S « 1. @ IS81482008 Du..

"0

15 10069 2017 H.

A QOO m -

such conditions are ot met, the phease, “All requ of  determined app uning results from sppeopriate ex
thin mothod Rave been met with the exception of " shall be  perments carried out at different hevels of gaand emperatore o
nddod uid & complete list of the arceptinas inchaded: pecimen stack temperabire out of halance.
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such conditions are not met, (he phease, “All foge of
this method bave been met with the exception of " shall be
addod and 3 compiete lt of the eroeptions included;

1119 Measured values of temperaturo and specimen (her-
mal conductivity; and

TE10 The specific dated vervon of (his standand wed.

12 Precision and Blas
121 Exumple of Error Extimation:
1211 Assangtions for a system where both meter hars and

Ihe specinien arc of equal lenpth is that (he semor spacings are
all 13 men and gy =4

[
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So, here it is, (report) how to make the report and finally, in the next section it says precision
and bias. This is a slightly different terminology from what we will be using. Examples of error
estimation, they have given the procedure of how to do it and then it says the maximum value
of this by assuming an uncertainty of plus minus 0.5 and the number for the temperature

difference was calculated on the basis of sensor absolute accuracy.

And then it says here in this section, with these values the fractional uncertainty in lambda

which is the thermal conductivity will be this much or plus minus 6.9 percent. So, it is very



explicitly telling us that if these were your dimensions this is how you had measured it, you
would expect an uncertainty of this order of magnitude. So, that one example of why

uncertainty analysis is so critical.

They also given something else here which says indeterminate errors and it says there are at
least 3 other errors that can contribute to total system error, and these are non-uniform
interfacial resistance, heat exchange between column, and the guard heat shunting through the

insulation around the column.

So, it says that indeterminate means we know there is an error, but we do not have enough
knowledge of how to quantify it. The only way we could do that is possibly do a numerical
simulation of the whole system and establish the uncertainty from there. And, finally, it says
after doing all of this what is the overall uncertainty and this is where this last para comes in
and it tells you that the uncertainty is plus minus 6.8 percent in the range 300 to 600 K. OK; so

this is one example.
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The second example is an Indian Standard IS 8148 — 2018 ducted and packaged air conditioners
specification. All Indian standards are now freely available, and | encourage everyone to read
these. So, let us see what this is? It is a fairly extensive document, and it tells you how to test

an air conditioner.
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There are figures and then so that is one of the ways of putting (it) the system. So, there is a
sketch which is given, some dimensions were given, where the instrument has to be placed. So,

we do not have too much flexibility on that part.

But this is the table that we should be concerned about. And says during the experiment what
are the variations allowed during steady state cooling and heating capacity test. So, temperature
of air entering the indoor side the dry bulb temperature must be within plus minus 0.3 degree

Celsius.

Wet bulb plus minus 0.2 degree Celsius, voltage plus minus 1 percent, and there is another
maximum variation is given here which for a short period could be tolerated. Water temperature
should be within plus minus 0.1 degree Celsius; outlet water temperature should be measured
within plus minus 0.1 degree Celsius, water volume flow rate plus minus 1 percent, and external

resistance to air flow plus minus 5 Pascal.

So, what we are seeing is these limits have been specified in how the experiment has to be done
and what the numbers (may) themselves may not immediately strike to you as something very
significant. Some of these numbers are very very stiff, they require very very careful
measurement design of the experiment, only then you can achieve say what temperature
measurement within plus minus 0.1 degree Celsius or what volume flow rate measurement

within plus minus 1 percent.



These are very stringent requirements and require very high quality measurement, experiment
setup design and experimental procedures all of which requires the understanding of

uncertainty analysis. So, this was a second example | wanted to share with you.
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Third example, this one we will skip, I will not worry about this one yeah. There is a lot of talk
and you would have seen in many places about solar operated pumps. So, this is Solar
Photovoltaic Water Pumping Systems testing procedure and guidelines.
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So, this has been made by the bureau of Indian Standards and this is; 1S 17429 2020, very very

recent actually current standard and it tells you how to test a solar powered water pump.
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So, there is background information given about what we are doing. You can see here in this
case they are saying what are the various parameters in the experiment some of these are

measured some of these are calculated and see there are lots of them.
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And then what type of a test setup should be there.
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This is the general guidelines for putting it up. There is a sketch which says that right here in
the middle we have the pump, the pump controller, solar photovoltaic array, the structure and
here it picks up water from a tank below the pump, pumps it through some instrument, there is
the flow meter and dumps it into back into the tank.

So, it has given (&) some broad guidelines that this distance should be 0.6 meters, this should
be 0.5 meters, and what should be the size of the pipe, some of those are given there, the rest

we have to decide. But that is a general idea of how to make the setup. And one of the reasons



for showing this is to appreciate that when you design an experimental setup, a single apparatus

or a involved system.

What you are seeing here is a relatively simple system, we make a nice picture a sketch, we
start from there. So, this sketch is like a concept design of an experiment slightly more than
that because some piece information is given here like what it should be this is diameter, what

is this distance, what is this distance here like that.

And it is from here that we do the detailed engineering and say what is the length of this pipe
that | should buy, what is the type of threaded connection | should have, how do | make this
leak proof, what is the type of mounting that | need, all of that is the detail engineering design

of the setup.
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But this is something which is common to all experiments. Then here is the next thing that is
(be) relevant to us. Table 2, core parameters to be measured and recorded. So, what does it tell
us? SPV array voltage should have a measurement uncertainty less than or equal to 1 percent,
SPV array current less than 1 percent pressure head as measured in kg per square centimeter.

So, this is not S| unit but we should use bar or kilo Pascal.

This is plus minus less than plus minus 2 percent flow rate in litres per second, to be less than
2 percent. And solar irradiation this should be measured within plus minus 2 percent. So, here

it is that this standard for solar powered water pump tells you that you have to measure these



parameters from instruments and, finally, you have to have an uncertainty which is less than

what is specified here.
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Only then the result that you report for testing the pump that you have will be acceptable and
will be meaningful. There is another table here which says allowable variation in arithmetic
average of dynamic head that when you are setting up the apparatus how much variation is

allowed.

So, it is a plus minus 15 percent, plus minus 7 percent, plus minus 8 percent, like that it is
telling us. That means when you are designing the setup you have to have certain parameters

within these limits as well.
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60 Ventilator

So, that is the third example, and finally we will close with one more example which is very
hot topic for the last 6 months particularly since the beginning of (say) March or April. When
the Covid 19 pandemic hit, our first concern was of course for ventilators and we thought that
we would be needing very large number of ventilators based on experience in various other

countries.

Looking at this as a humanitarian crisis, one of these companies in this case this is Medtronics,

they made the complete design of one of their ventilators fully public, each and everything



about this ventilator is public you can freely download it from the web and says if you want to
make it, make it. And this is an excellent example of what an engineered product is it has got
mechanical aspects, biomechanics is coming into it, instrumentation, measurement, electronics,

reliability, all types of things are coming in.

It (is a) looks like a very simple device what you are seeing here is no bigger than say a toaster,
but it is a very sophisticated instrument, and we have seen in the last few months how difficult
it has been to make a reliable ventilator. But, if you go and look at the specifications of this
ventilator, and of course there are many other companies whose ventilators compete in the
market for similar purposes, (when we come down) and we say well (let us see) whatever has

been given.
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So there is a huge amount of information given and this is just one document | have picked up
which is the service manual, and you can see here that this has got 260 pages. So, all of this
has been written and with so many things like warnings regarding oxygen, will not worry about
all of that.
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But we will come here, and this table gives us the specifications of the ventilator. This is all
weight, dimensions, etcetera, environmental requirements, that is under what conditions it will
work. And now pneumatic specifications that its got a turbine whose maximum flow rate is

240 lpm, litres per minute, at 24 centimeters of water column pressure plus minus 1 percent.

Maximum pressure is more than 70 centimeters of water at O litres per minute. So, when you
have shut it off completely this is the pressure it gives. DC supply 12 volt DC plus minus 10
percent, 8.3 amperes to 30 volt DC plus minus 10 percent. So, it is (tell is) telling us how much

power it will consume.
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Then there are specifications on the internal battery of how many hours it will work and then
there is specifications about what it does, it has to supply air or a mixture of air and oxygen
and this is what it says. It gives out an alarm under some circumstances and it is 65 to 80 dBA
plus minus 10 percent as per IEC 60601 dash 1 dash 8 standard.

So, it is not only telling you how (much the) loud the alarm is, but as per which standard that
alarm is made, ventilator operating volume 30 dBA plus minus 10 percent. So, you do not want
a ventilator that makes a lot of noise in an ICU, inspiratory resistance is this much, the range
is given on this.
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Then a whole section on range, resolution and accuracy so let us see what this is. These are
various terms that are there in the use of ventilators. We look at a few of them say the second
one, tidal volume VT which is the total amount of volume that the ventilator will push in one
breath; it says 50 millilitres to 2000 millilitres we can set it with a resolution of 10 millilitres
default value is 500 millilitres. So, here now we are coming across two parameters: range and

resolution.
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Then there are various things of how much time it takes for inspiration and expiration all of
that is given there and then here is monitored patient data, exhale tidal volume resolution is 5

millilitres accuracy plus minus 10 millilitres plus 10 percent. Now what does this mean?

So, we will come to this later on when we look at instruments and how to characterize them.
Expiration time; that is how much time the patient is expiring air expelling air the resolution is
0.1 second accuracy plus minus 100 milliseconds. The ratio of these two times resolution is 0.1
accuracy, inspiration time plus minus 50 milliseconds, expiration time plus minus 50

milliseconds, the ratio plus minus 10 percent or whichever is greater.

So, you can see that everything that they have said, what the ventilator can do and the treatment
doctor can adjust or the nurse can adjust, they have given the range within which it can be

adjusted what is its resolution and what is its accuracy.

This is very very important in the treatment because if your resolution is not good or your
accuracy is very low, then when you are trying to set it for some value it will actually set it
over a much larger range which actually you do not want it may endanger the health of the

person.
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So, that here it is continuing on range, resolution and accuracy, you have positive end

expiratory pressure, it says resolution 1 centimeter water accuracy plus minus 2 centimeter



water plus 8 percent of reading. So, it is telling you what (is the how to get what) is the accuracy

in that particular measurement.

Then total respiratory rate resolution 1 breath per minute accuracy plus minus 1 breath per
minute. So, what is the rate at which it is able to measure how many times we breathe in and
breathe out in a minute. Leak from the ventilator, resolution 1 litre per minute accuracy plus

minus 3 litres per minute plus 20 percent.

So, (like) this is a very extensive document, do have a look at it will give you a good flavor for
what engineering is all about and it tells you in the context of this course. Why this uncertainty
accuracy resolution this is so very very important and that is what (in) this course we will learn,

how to look at these things.

So, we come back, so those were some examples that I had given and now we come back, (to

our) we have some more examples here.
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This is the example of a vehicle dynamometer, many students are fascinated by automobiles,
but the way the automobile is actually tested is in a facility which you see in this picture this is

taken from a website.

This is a very extensive facility and what you are measuring is, you run the vehicle (at-a) in a

particular way and measure its emissions you measure the fuel it consumes all of that. But in



doing that everything on this facility is controlled very very tightly and within plus minus

something.
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And that is how the testing of a vehicle is, something that by and large we cannot do unless we
go to such a facility. The cost of putting up such a facility is like 10’s of cores, to operate it

costs a lot and if you want to get a testing done that will cost you a few lakh rupees.

So, that is what actually testing of an engine or a testing of a vehicle is all about, and what we
do typically in a college experiment is a very crude way of trying to do it, the experiment test
that actually means very little for certification purpose, for actually deciding how well your

vehicle is performing manufacturers will go for this testing only and nothing else.

Asslightly different type of a vehicle testing facility is the NVH dynamometer; here NVH stands
for Noise, Vibration and Harshness. So, how much noise does the vehicle make, where does
the noise of the vehicle come from, how can we minimize it; all of that. And what you see here
is this vehicle along with a whole bunch of things on which it has been tied below, that it is
sitting on drums which is like simulating the road condition there is road resistance then the

aerodynamic resistance being created.

And what you see at the back are all these funny looking things here these are devices that
absorb sound and so you can measure with instruments only the sound generated by the vehicle

and not the reflected sound coming from the walls. This is an even more expensive facility, but



then certification of a vehicle before it can come on the road requires it to be tested with all

these type of things.

The reason for showing these two pictures is that this type of testing, if there is a facility here,
what we are talking of an experiment it, is a very elaborate experiment setup, very intricate,
very expensive, very sophisticated which normally an average person cannot use. But you can

go take a vehicle get it tested and get the result out of it.

In all the result data that they give they will always tell you what is the plus minus uncertainty
in that, and we should be able to interpret the meaning of that and whether we are happy with

it or not.
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Now, we come to another few more definitions. First the definition of what is an experiment
and we say an experiment is a test which is done in order who discover if something works or
is true or just to collect data. That means, you are actually doing something with an idea that |
want to know something about a particular thing. Another definition of the experiment is that
experiment is the trying out of a new idea or a method in order to see what it is like and what

effect it has.

So, this is a very broad definition and they are applicable to any field, it is not just that it is an

engineering or mechanical engineering or civil engineering. This idea that trying out of a new



idea could be anything, it could be health related, it could be medicine related it could be

economics related anything is possible. So, the experiment in general these are the definitions.

In our case we will also look at what, who is an experimenter or an observer. So, an
experimenter is a person who carries out the experiment very simple as that or an experiment
is a person who tests something to learn something or to discover if something works or that

something is true. So, learn something brings in the idea that we could be a student.

The second thing is although we say that the person who carries out an experiment if you only
look at this part as to who carries out an experiment, it need not be only one person, it could

usually be a team and in some cases it could be a very big team.

And a good example of a very big team is the nuclear research facility at CERN in Switzerland
where there are literally thousands of physicists working together along with engineers
computer scientists and everybody else to try to understand the basic composition of matter.

Another good very big complex experiment is or your space probes. So, there is a probe which
has gone which is the probe that is gone to Venus which is orbiting Venus right now, there is
a probe which is orbiting the sun they have very sophisticated instruments on that which are
sending data; somebody designed those put them together. The data is coming back and now it
is being made available to everybody that they can interpret and figure out and learn something

more about these planets.

There is also a probe which is right now going around Mars and sending us to very lot of very
interesting information. So, these are experiments, the vehicle testing I showed that is an
experiment, it is not done by one individual by a done by a team, the vehicle dynamometer
could have a team of 8 to 10 people, this has got a few 100 people who have to work together,

this could be a few 100 to few 1000 people working together.

All of them have their own job to do and they do it and communicate with each other to make
the experiment a success. So, a very important thing about whether you are a student, or a
researcher is that to understand that experimentation and experiment usually involves working
in teams. Teamwork is central to the process of experimentation. So, now we ask the question;

why should | do an experiment?
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Why do an experiment?

* To generate data that is required but not available, e.g. properties of a new material;
properties of a new refrigerant or lubricating oil;

% To generate data for comparing with existing data, for further validation or using a
newtechnique;,

* To generate data (for a known phenomenon) by a different method, or a better
method, e.g. instrument for measuring SPM, or for detecting Covid-19;

*» To obtain certain properties that are required in an engineering application, e.g.
properties of Tigament or muscle tissue under different conditions;

% To establish product or process ‘quality’, e.g. measure performance of a desert
cooler, or life of a battery under cyclic charging/discharging;

* To generate data to understand a physical phenomenon, e.g. to study light
propagation in an optic fibre; or thin film deposition on a substrate;

» T<o st a hypothesis, e.g. does an additive to diesel reduce PM2.5 emissions?;
R (continued . . . )

And here are some reasons that | have listed. We will quickly go through these. And first one
it says | want to generate data which is a required but not available. For example, properties of
a new material properties of a new refrigerant or a lubricating oil. Or | want to generate data
for comparing with existing data or | want to generate data for a known phenomena by a
different method.

For example, |1 want to develop a new technique for detecting Covid 19, or for measuring
particulate matter in air or | want to obtain certain properties that are required in an engineering

application. For example, properties of a ligament or muscle tissue under different conditions.

Or | want to establish the product or process quality. Say | want to quantify how good is a
desert cooler or | want to design an experiment to tell me what is the life of a battery under
different charging-discharging cycles. This is very important these days when you are talking
of electric vehicles and lot of other things.

Or, I want to understand a physical phenomena. For example, | want to study light propagation
in an optic fiber, or I want to study thin film deposition on a substrate or | want to test a
hypothesis. For example, if | put an additive to the fuel, or if I make a biodiesel will it reduce
emissions from a diesel engine? So, that is a question we are posing that we have a base case
right now and we have a modified case, and we want to know relative to the base case do |

have a better system or a worse system.
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Why do an experiment? (continued)

* To characterize a physical process, e.g. diffusivity of a doping material; erosion of
archaeological sifes due to wind and dust;

% To establish goodness of a new measurement technique, or instrument, e.g. a

different set-up Tor measuring mass of @ moving lorry (weigh-in-motion);

* To develop a standard set-up, procedure and basis for equipment performance, or
safety, e.g. develop a method for quantifying flammability of a composite material
for construction applications; e

* To establish compliance with statutory requirements, e.g. what star rating to give to
an air conditioner;

* To verify/validate numerical simulations data, e.g. to validate numerical simulations
of Covid-T9 motion In a restaurant, or deflection of a bridge under loads;

*» To repeat an experiment performed by others to establish veracity of their reported
}r?u , €. To verify claims of superconductivity of a certain material;
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Other reasons for doing an experiment, we would like to characterize a physical process. For
example, diffusivity of a doping material or 1 would like to know what is erosion of an
archaeological site due to wind and dust, or we may like to establish the goodness of a new

instrument measurement technique.

For example, we want to set up a device that will measure the mass of a lorry or the weight of
a truck on the road without stopping the truck. Because we all know that on Indian road many
of the trucks are overloaded and they cause a lot of accidents. So, can | make an instrument
that will measure the truck as it is moving, a new instrument has to be designed and we need

to establish whether how accurate the reading is compared to stationary mass of the truck.

Another reason for doing an experiment is that we want to develop a standard. For example,
we have a composite material and we want to measure its flame resistance or fire resistance.
So, I need to quantify the flammability of that material for use over there, or we may want to

do an experiment to meet a certain statutory requirement.

For example, if you have an air conditioner or a refrigerator question is how many star rating
should it be given and that can be done by doing an experiment. Another very important thing
that we do frequently is to verify and validate numerical simulations data, this is particularly

true of engineering and in many sciences also.



So for example, recently we have been looking at articles coming in which says that in (when)
well ventilated places Covid 19 is less infectious, in close spaces Covid 19 is more infectious;
well how do we verify that? Well somebody there are two ways to do it: one is we do a
numerical simulation, which means that you solve the governing equations of that physical

domain and figure out where the Covid 19 is going and where it stays ineffective.

And then make some measurements and say whether that is the case or not. So, that is where
you do a verification and validation of a numerical simulation. And, finally there is one more
reason that | have put is that if you have done an experiment which is very novel and reporting
something for the first time, the community at large in the world will accept it only after they

are able to repeat it and confirm your result.

So, that is another reason for repeating or doing an experiment, that you want to repeat it exactly
as somebody else did whom you do not know, we want to do it again and to see whether that
persons result and your result match. Then we can have more confidence in the conclusions

that we get.

An example of that, what the claims of superconductivity of a certain material. And you can,
to this you can all, add many more things, this is just a small representative list of why we do

an experiment.
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Observation, Reading, Measurement

Observation
Something that you have learned be seeing or watching something and
thinking about it. v =

Measureﬁent, Readin/g
A value (or number) obtained by measuring some quantity (with an

instrument) —
- Manually - seeing and writing i
- From digital display Wt cans ]Qm-, e indY.

- Mechanical recording

- Digital recording R A’W D ATAV.
(g’)?aw data




Now, every experiment we make a measurement and we have a reading, (we call) we define
two things now, one is observation. That observation in general is not just that you have
observed a reading and noted it down, but in general observation is something that you have
learnt by seeing or watching something and thinking about it. And, this is the start of important

things from which we learn lot of things.

A good example is the Plate Tectonic theory of the Earth’s surface. A scientist, he observed
various things of rock formations about seas about coast lines about mountains, and from there
that is what he saw that is what he watched how it might have changed with time over thousands
and millions of years. He thought about it and then said that the Earth’s crust is made of a

solidified surface which is moving all the time; that was seeing and watching.

Another good example is Professor S Chandrasekhar the Nobel laureate on going on a ship he
saw stars and thought about it wondered about it and came up with a whole bunch of theory,
so that is observation. So, it is not just about observing an instrument and recording the reading

but observing anything.

What we are looking going to talk a lot about and use these words very frequently in the course
is measurement and reading which is a very specific definition that measurement is a value or
a number obtained by measuring some quantity usually and almost invariably with an

instrument.

So, we have an instrument, we see it or we somehow record it and we get a number that
represents a certain physical quantity. That is a measurement, or we call it the reading and in
some cases we have call it an observation. So, but largely this is what it means a measured
value all of these terms tell you that we have got a numerical value of a (some) quantity from

an instrument.

How do we get that number? We could do it manually by looking at the instrument and noting
it or digitally that the instrument displays a number in digital form, we record it or that it could

be recorded in a mechanical way.

For example, if you see the ECG type of a chart it prints out something on a strip of paper and
that is what you have these days of course, it is all electronic, or it could be digital recording
that you make a reading it is recorded on a laptop, computer, cell phone somewhere then you

open a file and see what numbers you got.



So, all of this is data as it came from the instrument, we did not do any manipulation to it, we
did not do any calculations to it, it is just the way the instrument showed us what the value is
and this is very very important for us in this course. This is what we call Raw Data. And in the
experimentation process we will see the importance of this why it should be preserved. So, that

you can later on come back and see what actually happened if something went wrong.

(Refer Slide Time: 52:52)

Result

A mathematical formula, relation, of the form

( Numbersv } No MY’COY-WP\E_

Physical constants™
Emperical constants *
Properties v

Resutk Variables (parameterj'/ Musumd
il \ Set —up parameters

Result,R = f

Mg + Rk

> Single-, Two-, Three-, or more variate experiment
> Wﬁ)ﬁ or without result calculations \_’/%ZTL v~

So, that is two definitions. A third definition is about we have talked yesterday about the result
and the context of this course, a result is a mathematical formula or a mathematical relation
which has got in its if the function of some numbers.

Physical constants, they do not change, (say) empirical constants which were obtained by some
experiment and we put some numbers in it, some properties, properties of materials, and

variables, this is what we measured.

So, this, what comes from the experiment setup parameters these are also measured, they are

also coming from an experiment, but they do not change as frequently as these change.

So, both these are measurements, so they are coming, they (have) are coming with their own
uncertainty. They may cause an uncertainty in this, maybe in this these two will generally say
that there are there is no uncertainty and we will look at it little later in detail about these things.



So, we have this formula which has all these types of things we do a mathematical calculation.
So, everything on the right side of the equation is known in the formula, the answer we get this

is what we will call in this course the result, the result or the result value.

You could have an experiment where the number of variables could be single, two, three or
more and these are single variate, two variate, bi variate, tri variate experiments and we could
be using the data either directly as the measurement came which is these values. So, they are
our reported data or it could be that we report measurements plus a result, and that is what this
part is.

So, we could only report measurements, or we could report combination of measurements and
results, or the third case we could only report the result(s). So, that is what we do with this type

of an operation.
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Applications of Uncertainty Analysis

Post-test uncertainty analysis

@ Decision making, test of hypothesis: e.g. fuel economies of 3.7 km/l vs. 3.7
kil vs. rﬁr—'. <
® Drawing inferéfices in a scientific manner:

@ Comparing experimenfgl result with a comptﬁed (numerical simulations) result;
® Comparing experimental result with avaiEb—Ie_;rrelations;
@ Generating a new correlation and comparing with existing ones;
@ Conformity with national and international standards; ?
ﬁre-test uncertainty analysis
@ Establish whether a set-up and test plan will meet the desired objectives,;
Number of times anmt should be performed to attain desired unceﬁzinty;

®
And@

Now, we give some examples of application of uncertainty analysis beginning with post-test
uncertainty analysis. So, in a decision making or test of hypothesis we get do an experiment
and we get data that the fuel economy of a fleet is 3.7 kilometers per litre. But then the number
does not make any sense because, we do not know the uncertainty and then somebody says |
will tell you my uncertainty.

One person says it is 3.7 plus minus point 3 kilometers and the other says that | maintained the

vehicle very well and then | did a similar test and | got a value of 3.7 plus minus 0.8 kilometers



per litre. Now you begin to start seeing things, both of them would have reported 3.7, but now

we have two things coming in here.

And the question is, is the second test superior to the first one? And that is where we got to
start interpreting the plus minus numbers that are coming in. So, this is what we would call
drawing inferences in a scientific manner, (we could all) we also need this uncertainty to

compare experimental data with computed data, neither of them is exact that is the truth.

Even this data although it came from a computer calculation has plus minus uncertainty in it,
experimental data as we are learning always (is) has got an uncertainty in it, it has always got

errors. How do | compute two numbers both of which have different values of uncertainties?

We could also want to compare an experimental result with available correlations or we would
like to generate a new correlation and comparing with existing ones or more, very important if
we want a product to be certified according to a certain national or international standard, we

will get a data plus minus something.

So, this is all post-test uncertainty; that means, we have done the experiment and now we are
looking at how to interpret the data. What we have seen now is that there is also possibility of
pre-test uncertainty, where we decide the by doing some quick elementary calculations whether

the setup that we have will meet the desired objectives at all.

Or (where) whether you need to change an instrument and invest in some other type of an

instrument. So, that is what is coming in over here.
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Why this trouble of uncertainty analysis?

Without reporting uncertainty — only mean value (single number),
+ Measurement and result have no meaning;

* No choice in many instances, e.g. mandatory requirement in many standards,
indusfries, equipment data sheet, efc. J
onals: v

+ Mandatory for quality and legal metrology;
e gl ms ool 0 Ly
* “Uncertainty analysis is costly
* “Uncertainty reporting shows us in bad light"
* “What is wrong with the current method of doing experiments in schools and}

colleges?”
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And, then many people ask why this nuisance of uncertainty analysis? Why are we taking this
trouble of doing all this, what use is this? And, many arguments will be given for not doing an

uncertainty analysis.

So, here are some of the arguments that we can look at, first and of course the most important
thing from a scientific perspective is, if you do not report an uncertainty only a mean value, the
measurement has no meaning, matter ends. Then in many instances like we saw standards just
now, we do not have a choice — the standard says you must report the uncertainty. There are
many instances where there are research journals which say that unless you report the

uncertainty we will not publish your paper, there again it is mandatory.

In many applications it is a legal requirement, you have no choice; legal metrology, when you
buy vegetables or any other material at a grocery store they have a weighing balance. That
weighing balance is governed by the laws of India and if that balance does not confirm to those

laws, the shopkeeper is likely to be prosecuted; that is legal metrology.

So, this is the requirement of that, there are standards which are notified further by laws, each
one of these which tells that your measurement must be within plus minus so much percent; a
very good example of the same thing is your petrol or diesel dispensing machine, pumps. When

you fill petrol or diesel in your vehicle you think that you got 1 litre.



But the question is, it is not exactly 1 litre, how much is it? What does the law require that it is

your right to get so much petrol? There is a limit on that.

Then there are three arguments that you would often hear uncertainty analysis is costly, we will
see in this course that is not so, it is a little more of calculations and once you have appreciated
what it is all about the benefits that come from it are very significant and the cost addition is

not really that significant.

Another argument that comes is that if | show the uncertainty it shows us in bad light, there is
no product or device is not very good, it is plus minus 10 percent. Well, that is reality we have
to live with it and if somebody else product is plus minus 8 percent and yours are plus minus

10 percent, well that is the way it is.

It also tells you that when you improve your product and make it plus minus 7 percent. So,
your product becomes better than the other product. So, it tells you it is not just that you look

at it in a negative sense, but take it as a positive feedback as to where you should be going.

And this last question that | have put is in the context of education, schools and colleges, where
in most cases we just report a number or plot points without showing the uncertainty bands.
And this is how we have been teaching, we have been teaching it for so many years.

And so, some would say well what is wrong with the current method of doing experiments and
teaching students? Well, the thing is that everything that we have been teaching here; if
uncertainty analysis is not brought into the picture that education is grossly incomplete and in
the practical context as we are learning it is practically wrong, something is badly missing. The
idea of doing an experiment is not complete unless we appreciate the uncertainty associated
with it.
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Summary

» Defines some common terms .~

+ Briefly introduced stages of experimentation v~
» Experimentation applications - examples

« Applications of uncertainty analysis

* Importance of uncertainty analysis

)

So, to conclude this lecture, what we have done today is we defined some common terms that
we will be using throughout the course. We briefly introduced the stages of experimentation,

few lectures later on we will come back to it in more detail.

We saw some examples of experimentation and we (look) appreciated something about the
applications and importance of uncertainty analysis. So, this sets up the stage for our next part,
where we will start looking at the systematic way of finding out the whole process of doing

uncertainty analysis and reporting a result.
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So, with that we conclude the second lecture of the first module which is on experimentation

processes and uncertainty applications.

Thank you.



