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1, INTRODOCEION:

Dagicully thers are two methods available for measuring the
logses in large commereial hydraullc machives. Firstly, the losses
in 2 model are found by conventional oxperiments in a laboratory, and
the actnal losmes for the prototype are then estimated; allowing for
the majoration effect. Secondly, the actual filow throush the
mechine is measuved by veriocus metheds and by determining the head
availoble together with othey factors involved, the loasses in the
turbines or pumpsere estimated. The Tiret method cannot be accepiled
except s an approximetion. The second method, however, gives
accurate and reliable values bub it eatails complicated and eleboraie
equipnent. Moreover, il necessitotes closure of machines during
ingtalling and dispentling of the messuring eguilpment resulting in o

congidevable waste of time and money.

Routine checks on hydro-elactric stations ere usunlly
impeded due to this rather cunbersome method. Recent advances in the
' design of hydraulic machines have mode it inoressingly importont that
a mutihe check on the psrfemamee of the machines should be made so

that they may be operated in the most efficient way.

Power stations congisting of two or more machines usually
present the problem of running the machines efficiently in combination,
eapecially when theve is a limited supply of water. In these
eonditions kmowledge of the sctual performence curves eould enoure the

mogt efficient way of running the machines.

Bearing in mind the problems sssociabed with the oxisding
methods ond the importence of finding the perfornence of hydvawliic
machined, vhich coumot be ovemsiressed, a new method ealled the

thermodynanie method has been developed.

The principal conception of thig method wag firsgt intvoduced
by A. Peirsoen inm 1914. later din 1929 further invesbigaticne were
corried out by L. Paxrbillon, Fontaine and Poirson in France, which wag

followed by Willmer end Unfenbach in Germany and Kedzman in Ganade.

Fundamentally/
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FPondanentally the thermodynemic mothod iunvolves the
determination of the change in dintornal enevgy of the fiunld floving
farough hydrewlic mechines as o vesull of dispipation of energy
losses. Fractically it com be computed by observing the risge in
temperature of flnid flowing throvgh the meohines. It is kmovm that
if waler is Geopped through 1400 £4. and bpought 4o pest enouring
that there is no exchange of heat from the suvrroundings, the
tomperetuare will rise throush 1 deg.C. Thewefore, if o turbine
oporating et 1400 £4. of head is ooy, 90 efficient, the woter at the
tail roce will be voughly C.ldeg.C. wermer then the water entering
the turbine, ssewmlng thet the specifie heat of water is willy at thad
tenperaturs.  Theoretically this statement s net sorvect, becouse
the losseg do not ocour ag change in enthelpy of the fiuid, ut as a
change in intemal euergy of the fiwid. Altheugh a detailed
theoretical investigetlon will be glven lator, here for a genecrel
anpument we have sgsumed the’ losses appeor as rise in tenperalure

of flvid flowing thyough o nachine.

In 1994 6. Willn end P. Campnog of Blestriclite de Franco
publiched a paper on the fundamental investigaiion of the Poirson
nethod which has formed the bagis of all work carried out on $he
thexmodynanic nethod of measuring the efficiensy of bydreulic
machines, They have given a detailed explanation of the theoretical
relationship, folluwed by en emelysis of pogsible sources of error and
a deseription of nmessuring equipsent suitable for indveirisl

applicaticns.

The preaent investigation ig also bosed on the work of
Willm and Cewmpmas. It mainly congists of deielled otudy of the
Pandamentel principles lavolved and the ealewlation of change in
internal encvgy using bagle laws of thermodymamics leading to the
development of the thexmodynemic expression for efficiency of
hydranlic machines; alse the development of measuring equipment in
goneval and en adiabatie expander In pordicular with speciel zeference
to low head nachines and ite technique of operation, followed by

detaile/
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datails of o sories of tests at high =nd low head mechines spread

over e poriod of thres yeaxrs.

L comparison test with cuerent melors wos cazried oul on &
mechine operating wder epproximately 180 £5. of head, vhich is the
lowest over bested successfuvlly. Aa encouragivg result hes shown
that this nethod cen be developed for low heads ag effectively as it

hao been done for high heads in Fronce and Gevmany.

The new adlabaltic expander, snd o new testhnique of
neaguremnent hove been the two mein factors in the dovelopment of this
method, and for low heads they hove proved 1o be o definite

improvemeibe

2.1 Ihergy eonation for steady flows-

The law of conservation of energy miy be stated fn several

different forms. One of the forms cowld be writien ase

Bnergy entering © Increase or decrense Encrgy leaving
the aysten = of éenergy stored +  the systoem
within the syobtem
Ag 8 hydraulic wechine delivers work at a sonstant vate while
operating wmder steady flow conditvions, the zate of flov of each mass
streoan entering and leaving the systen is constants se it may be
snalyzed as & gteady flow sysiem. Let us apply these conditions to
the general fomm of the energy eguation. Since by definition there is
ne change in the energy stored within a steady flow synten, the

gtotement of the law of conservation of energy reduces to,
Inevgy entering the systen = Enevgy leaving the systen.

For an arbitrary system as ghown in Fig.l, the energy equetion wmey be

written apy

4+ &

o
24«‘»1

£

Zl+K1“PWf1+El+q_m2§2+K2+W?

where/

aftrecrmm s
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where F4 is potential ecnergy.
K is kinentric energy written as _?_I_% where
2g

¥V is yelocity.
q is heat input

ig internal energy.

=

W, is flow work and written s Pfw, where P 1a

pressure and w ig specific welght.

Suffix 1 shows entry point.
fuffix 2 shows exit point.

(ach term in the above equation represents energy per unit

vieight, 1e0e Ftelb./1ba).

golving for q and weiting in difference form, we get
d = Al % an $ OK + AZ + W saennn 2‘131

which is a general form of the gicady flow energy equetion.

2.2 Inexgy eouation for flow of incompreossible finids.

The well-known Beoproulli equotion may be derived using &
foree snalysis. Heat snd inlernal energy arpe not involved for good
historie reasvns. Bernoulli, = contenporvary of Newbtony derived the
eonation around 1700 vheress the lows of cvonsewvatlon of energy worve
not aceepbed wndil shout 18%0 -~ 150 yesrs later. However, the
energy iaw throws a8ditional licght on 4he Bernoulli eguation, forning
the bapig of the work published by Willm and Coawmpnasg in 1954.

Let us consider on open system of fluld flowing in & pipe
between boundaries 1 and 2 as shown in Pig.2, and iet us apply the
gteady flow energy eguation 2+13l to this system. In thig system
W e 0 and  gan be negligibly susll if there is little tempersiure
difference between the inside snd cutside or if the pipe is well
ingulated. An incompressible fluid in frietionless flow with g = 9
will undergo no change of internsl energy i.e. AL = 0. Botween the

boundaries L and 2, the energy equaltion 2+1:] then becones

£
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A(%)d-bi{d— AL = O

2 2

or P P v L)
2 i S SR T % 5422
Wt~ E v 2 o- %) w0 (£5.10/10)e00202:1

which is o form of Bermonlli's eauation for the flow of
incompressible fluids «w:i.mmm: friction. Bub in an actual process
friction provents-wome of the energy &t 1 from issuing ng useful
energy at 2, ond this is termed evemgy loss. If 'o' is negligible
during the flow of an incompressible fluid, the energy loss due to
friction sppesrs in the internal encrgy of the fluid. Thus using

a2ll the energy terma chown in Fig.2, we have

2 2
P P v, v
"”*""'2"“ - q—gnu - ml Z - z" - a - ¥
v, T w + Zg 5g” 2 1 = = (B, - 5 )ft.15/1b.
i

This is o form of Bernoulli's equation with feletion if we
degignate Eg - E}. ag the friction head, which is the sum of the

changes of Yall heads”; o net loss.

If the system of Fig.2 should lead to a hydraulic turbine
at 2y some ai" the potential cnergy A2 would be converted into
kinetic energy and then some of the kinetic energy would be
converied into work in the turbine.

Al% the chenge of potential energy is not converied to
work becaunse of friction; and the energy loss due to friction

sppenrs in the internal energy of the fluid.

Willm end Gompmas in 1954 extended the application of the
energy eguation to hydraulic machines and reached an interesting

result which ensbled them fo oaleulate the efficiency.

2.3 Dumergy esustion applied to hydraulic turbiness—
We shall apply the energy equation to the system formed

by the turbine and water possing thwough it as shown in Fige3.

For this system we will consider & orossesecetion A at inlet and B

at/
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at outlet. The energies ab A will be shown by suffix 'i' and

the energies at B will be shown by suffix 'ot.

Vie now recall that the enersy equation (2+151) for
steady flow is given by,

qg = &L + oW, + AK + AZ = i

I the floy through the turbive is relatively lowge, the
heat added or rvemoved from the system per pound weight will be

very small,' and so it will be Justifiable to téke qe= Q,
fhe energy relation then becomes

W o= O

e + A OZ -+ A B sesssase 20381

which ean alse be written as

2 2
W o= P P A v
. -2 - SV - T %, _ & B, _ E ‘
w,oT W, Y 7 g * Ot o + T4 o £5.1b/1b

0¥ Tewarrenging

2
W= 4P ¥ :
g,.a.,b.-a.ﬁﬁ ;

; 2

(e, v

Lo . .0 2 B - E eooceoe 2'332
o) §‘+ +g§*i°

W@ . 28

Putting
i Y |
= (the pressure head) + 58 (the velocity head) + Z,
i
(the potential hend) = 81 the totel hydraulic head at inlet
and
P 7 2 ‘
2wl 4 B By, the totel hydraulic head ai outled
w0 2g e =
Q

we get from 23:2

¥ = Htﬁ, - ﬂ’to + ﬁ}i - E'»o
or W = (Hu + ’ﬁ}i) - (ﬁbﬁ + Eﬂ) secaveos 2'5‘3

If din & system there is no ewchange of energy with the

outaide/
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outside, %hen W= 03 and we can wrlite eguation 2°3%:3 as,

ﬁti + m,i = Ii't@ * 1!}3 snnonens 2"334

fherefore if we itake some wabter inlet seetion 4 and bring it

without any change in totel energy (for example through & throtile

valve) to o measuring seciion defined by suffix 1, we con write,

Hyy ¢ B = Hyg + B enee. 22335

we get

ﬁ’&’EBwH + B

7 +) e 2 chEREERY '3‘3'6

Paking the wines from eguation 2345 and 2+3:6 and substituting in

equation 2»383 we can write,

Woe (ﬂtl L thﬂ) w (15}2 - E}.) £ha 1h/lbu ANEROBY 2‘5‘7
which is e general form of the useful work supplied by the turbine
per wnlt welght measured ai two experimental sections, one af

inlet and the other at outlet defined by suffixes 1 and 2

regpeckively.

Wo can also write egquation 2+%:17 using 21l the “headh

terms as,
By, o ®, , V2
We (343, +%),y - gwg‘+mgm“+z?> - {8, = &) £4.1b/1b.
*Wl 2g W, 2g o
T senasaeN 2‘338
Galenlation of ehanse dn internal enorgy.

Prom the definition of entropy and from the first law of
themodynanics, for a reversible or ivreversible itransformetion we

have,

é_s k-3 né‘v‘{‘gwtw;; P‘d (XA R ENNES S 2‘31‘3}'

where/
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where T i abgolube temperaiure
8 ® entrvopy
B W intexnsl energy
P " abzolubte pressure

v ¥ Speoelf volume
Rewwriting equation &2-31el, we geb

dii = Tedp « Pdve

If we choose 7 and P as our independent verlables, I bocomes

s fanction of these variasbles and we can write

an = ¢ (%g‘;)? « 47 + -313),‘-? e 4P 4

~-PEE), .a - P (gllg»),,i, . ap

Roferring to eguation 2+31:ly; if we chooze ¥ ond P ag

“independent variables we cen weite

2= (@D ra0, 1% + @D | e

On the other hand,

D 3
as = ‘“a“’%?p' ar + G .
5 (f’}

Since 47 and 4P are independent of each other we con eguate the

co-efficients of 47 and 4F seporately. This gives un

g o] B

il ermion wm. .
(’3‘1‘?9 [ (BT)P + iq (.-a%.r 'p seesvssces 293133
3 }..a _Q'E:. l?. RS svnsoannne 2°51ls4
GBr= % G ™ § S
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By diffeventioting equation 2+31:3 with reapect to F and

aguation 2+31:4 with respect to ¥ we ge$

s 1%n B Q2
3BeoF PG v G v g
‘32 g ’ w 1

g
FEF (a';e.ap) * @{aszr 5 TP ('apé - b G )

3% follows that,

O . D
BEy . e - e (3R, - PR,

A
if we put the value of (ﬁm) o from sbove equation in equetion

23134 we get

k) "
(“"‘2‘%?‘%"" £ o, (mv-m- $eEVaARDNNSRRRENNSDE . 2‘3135

Ve can wyrite fov any heating process
dan d :
-a;% P E‘E" + P. %t = constant (aasr) Gy
and 1f the heating is wnder constant prossure; 4P = 0 and U= Gp
the gpeoifis hent at congtant pressures

'ﬁheréfom we can weile,
(%%)P + P (M, - ¢
From the above eguation and equation 23513 we get
(%&3 3 = 0 T cecoverssuarseaserss 2¢3Le6
Substituting the values of (%%} 7 8nd _(%,%) p fron equations 2+31:5
and 2¢31:6 renpectively in equation 2+31:2 we can write

aﬁnC'T* o@“ﬁ%vd@‘? /v « 4P
(B'i?)P (53 )

and/
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and resrrenging &P end a¥ togethor, we can write
a8 == w‘{‘l’ B{E)%""( }qﬁl"*{ 'B‘j?)} ar

We recall now thot the ehenge of internsl energy depends only en
the location of sfate polnts 1 end 23 thed it is dndependent of
the natuze of the process comnecting the points, and that

therefore the change i the same betwesn eny twe stetes no matter

whetever is the path.

fhevefore if we consider on isethermnl expavsion firom
By

pressure ? i‘:mm ‘1’1, o ‘I‘H we moy weite

e,
L/;P /{ )* P( )} *\/;;{GP"P(%)P}“W

1

to P2 constant at T,, followed by o heating at eonstent

or

) ﬁ v v e e e e . !
By =By =0, (T, T) =B {V(P Ty) = v(®y, 1’1)}*“

b,
1 .
4 {‘El :%’%)P Y ( ) } [ ZE T RN TRY ] 2"5137
F2

HOPHs -
113
/*2
¢ ; oy ] C o g .
A P+ 4T is token as Py (.92 .Ll)g, since the

tenperatuve difference iz very small. TBrandt has argued that as
%

Py varies with temperature by not morve than 0.1% por deg €
ovey the »enge 0 4o 209% this simplification is permispible.

2.4 Thermodynemioc exnression for the wseful work done by & hydvaulie
mbine

If we put the value of ﬁig - 33}1 from equation 2+31:7 in

equation/
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aguation 2.%38 o gonerel expression for the uselful work done com

bo ohlsined apy Pl
g, P
R el : 2 2
Mo e, Fz{"(z’z'i’z) - w(® a"ﬂl)} - {ﬁ':a, Gp + E’(axa)vjz} a
Pa
$30,(0 ~m) 4 (02 ev,®) a2, -2, otIlb/lb
ez ML T Y2/ Tgg M1 T 2 1T "2 °

sensecovasssosmedtl

To bring this oquation to o simplificd formg Willm
and Compmas colleeted together all those guantities obieinsble from
the tables of the properties of wabery, and by introducing o refer-
ohes specific weight ¥y {vhere vy 1o nessured ot sbtenderd bempore

A
pture and pressuves fov walker Wy @ 6244 lb/f'iz*" at 400 and 14.7
1b/4 ﬂa abse) showed that those kuown quantities are convenlontly

represented by o dimensionless guaatity (1 « %)

In appendiz oguation AL33 it has been shown that,
' . P

- )
B, B,
2 . 3 Y
R [r(Bpn) = w(zum) =y G+ » ('a”iv')i'} “
_ P

1 , : 2
Ea (Pl - 2) (}- ""°()

where w&) 1o the gpeclfie walght al S.TePs; ond wheve

Wy =W
o mmmlw- g8 * Py {vg%,wﬂ.w vﬂpl’Tl)} N
i ' R, P,
3?1 1 2
Y .
v |l Gy e @y e
12 2

Thorefore we con write the fundemental thermodynamic

ozprossions for the useful work done by & hydrvaunlic turbine as

‘ 2 _ o, .
¥ m APy = B)fL = 4) ¥ B0 (B = Tp) + 5 (07 = 1)0) + e 7
B
£t 1b/1b¥.drﬁsﬂo.2¢432



e rocall that even in an ideal turbine theve would he
o change of internal éne:a:vgy between inlet and outlets Therefove
if we congider that the water is belng sdnitied at the seme inltial

conditions es in the actuel turbine, defined by head terms.

B v§2 : N
”‘;;9 T Z, 3 By (Pi,‘i'i)

we oan ooy that the woter at the outlet of an jdeal turbine will
have the seme condltions s at the oulblet of the actusl fturbine
excepl that the temperature T ot the ontlet of The Idenl burbine
will ve less then the 't;empami:uw N ” at the outlet of the actual
turbine, Consequently, the internal énergy ond speeific woisghd
belng ﬁ‘mwi:icms of temporsturey will be (1ﬂ.i‘i‘cmen‘ﬁ at the outlet of
the ideal turbine compaved bo the achual mb:mé. Hance wo can
define the enervgy tovms for the conditions of oublet oi‘-em ideal
tuxbine as

P vo2
P AR\ RO s 4} ]
W"J Pl N (PQ, T‘O)

whora w! o ig the opecific welght at the owtlet.of the ideal twrbine

B0 ® dnteornal ondegy at the cutlet of the ldesl turbine

4]
l"f ] 11 1] %emnca:mm@ i1 1] LU it 17 1] i3
0 = . _ .
ong
I?‘d is the pressure at the outleb of actual and ideel turbine
V 2: W 1] V@l@@iﬁy i’l@&ﬂ a:'t L 1] 1] 0" i oW
O
.oou ] R ] 1] 4 ] 1] "
Zd position

If we define W' as the work done by am ldesl turbine, from energy

balonee, gnd equation 2.312 we can write the idenl work done per

ihs as
' i y - ' so¥N
W e %w%%d-%uggo*zi ZG-&Eiumg. ,.. 24581

Sinco/



- 15 -

Since in an ideal flow vithout lossesy the chenge in ewbropy

do = 9y we can write

A8 = « Pdv, for an ideal tuxbine

o o
o fam e [ rar
i

i

0
o Eﬁ. - E'Q ﬂf Poudv savny 2oH22
i

i1 %o vflg V‘Jg f ﬁz’
T o et o el g » o kB, W B # Pelva
Wi W'G ?é '?'g . 4 o 1

It is shown in Appendixz 2 that wo can wrlle

B, P ° . ,
i I p oo L (B; =Py} (1-8)
i o .

.
]

wherve ¥ is the specific weilght of the flwid ab S.Tepe and

[

= W w w . {9% .

1 e g JER. S Pa (“""‘ 5. eUF
B = ],; i,

and ig o ddmensiinless quantity ldke .

Hence we can dofine the work done by an ldeal turblue g

oyt A

woade P o) usye (B - Dysg a3 6, /b
W Y Q v
5 2g G

pesssnvnen 2,&53
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2,6 Thermodynamic eggreasion for efficiency.
Ve can define the efficiency of a hydraul:i.c turbine as

M =  Actusl work done = Y

Ideal work done Wt

From equations 24432 and 2o5=3, we can write

1 v.2v 2
v, (Fy ~Bp) (3.-0()+ Co, (By-tp) + A 5 (i=2)+ A%

i ]

(? -2, &)+ (v,2 NPT
[E R ENR N RN J 2.631

Singh has argued thet

(i) v, = 0.895 ft/sec ot the point of neasurement in %the
calorvineber, assuming a dischavgs of 0.833 1b/sec
(& 044 litre/sec).

(11) V, = T, = 4 ft/sec or less in tail vace.

(111) v, 2 3o taken into account by the use of o pitot probe in the

23
measurenent of P i.

.2 -v2 v2
(iv) 1 2 4in the numerstor and -~ o in the
2g 2g

denominator are of the same order of smallness compared

with Pi and P respectively.

Then the efficiency expression 2-6:1 reduces %o

A :
FEeR) ) T, (D) s T
&

n o=
1
FOE P (- ) ¢ BT

If we choose the mensuring test section &t outlet of the turbine
{i.e. at tall race) then,

Py = Py = atoosphoric.
Since we can more tonveniently represent gauge presgure head
measured sbove atwmosphere in £4. of water, we can therefore

write/
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UBASURTIENE OF ZFEZ ILINCY .

weite

2 (F-F) = B fEof vater

ey 2
';'" P - }? &
i 0) e H, £t of water

In mosd test oases Zl = Zi and 22 = Zu’

, (1=72)+ % -5
P ‘oio-; 2’652
B (a-8) + %-5%

and the efficiency can be expressed as
B (1 eg) ¥ Cp

The effidicney equation leads tod general methods of

nmeasurenents-

{1) Netbod of shsoluie measuremente=

In this method the abgolute value of fi'l and ‘1?2 is measursd

‘3292 is obtained from

tables. Hl and Bi are measureld by pressure gouges and hence the

by precision thermomelers and the value of

efficiency of the machine can be calculated.

This method ig impractical as it entaile the measurement of
the absolute value of temperatures - & very difficult and lengthy
process especially when the desirable accurncy is 3 0‘00100;, end
also becouse it reguires the calonlation of gpecific heat with

reagonable accuracy, not casily obiainsble.

(41) Method of complete expansions~

In thizs method water under pressure from the penstock is
expresged adizbatically to the atmospheric pressure. The dlfference
between the tenperature of the expressed water 933_ and the
temperature of the tail race T, is measured by Thermometers.

c is obiained from tebles and ﬁ;i. is measured by pressure gouge,

Py

which enables celoulation of the efficiency.

This method hasg an advanitege that the term  does not come

into/
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into calenlation as Eil becomes zero. Also only one pressure :l:;E-.‘iii need
be measured which simplifies the operailon.

However, this methed suffers from other grest disadventeges.
Since the temperature texm ,}’f}pz(‘}fl - 2) becomes the principal tevm,
therefove the temperatorve differvence sud the specific heat have o
be very Asaceura‘k@ly meagsureds A slight error in the messurement of
either tempersture difference or specific heat, will cause an
appreciable ervor in the effieiency calenletions It elso involves
the measurvement of the abzsolute value of the difference of temperature
‘331 - T;::‘ Aocwrate caleuvlations of the spuecific hest noccessitotes
anothey measurenent of the absclute temperature of $ail race. Hoveover
the chamber(into which the water is oxpressed) together with oll the
comnecting pipes muet be completoly insuleted as a smell heat transfer
will alteor the actuel value of the principal temm in the efficlency
egquetion and thus will introduce o gross erTor.

(324) Mothod of Pewtical Fwponsionse

In this method waler under pressuve fmﬁ: the pensiock is
partially oxpressed adisbatlcally dn o well ‘:i,nﬁulate& chamber, such
that the bvemperature ‘},‘1 of the ewpressed water becomes egual to the
temperature fi‘g of the tall race. Thus the temperatuvre tewm isg
elirinated and the corresponding values of Hy and ﬁi ave then
meamured by pressure gougt.

This method has several advanteges. Uhe measurement of
abgolute temperature is nob z-equ-imlr.‘i, The measwrement of difference
of temperature is not necessaiy as the temperniuve term 'I,‘l - ‘}32
’néeom@a egqual to zero. Also 1t does not enteil the calibration of
the meesuring instrument becsuse the velve of the ddfference of
temperature is not requived in the efficlency equation. Therofore
the methed becomes simple, as only Ywo pressures are %o be neasured .,
and it 1e most commonly used to measure the efficiency.

Howevery it has some practical disadveniages. 'To obtain
the condition ‘I"l - TZ* geveral readihgs have do be teken by adjusting
the pressure sdttings; which is a lenglthy process and entails the

agsumption/
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asoymption thet the graph of progsuve vereus temperature is a
gtraight line. OAleo the exchenge of heat botween the expander snd
purvoundings becomes . m&jﬁ:s? problems

In view of the above menbtloned practical dlspdvantages
a new adiabatic expaxi&er was developed and a new techunigue of
neaguyoment was employed to eliminete the disafvanteges.

{(iv) Bethod of éivect me

aguzenents-

The dlfference of btempeorature between the pengiock and tail
~pace i measured divectly by inseriing one thermometer dun the
penatock and the other ilu the tell rece. How zince El becones
egual to ﬁig only oune pressvre reading will be required.

Howevary this method necessitates the celibratiow of
temperaivre in terms of pressurze head for the messuring eguipment,
aik the value of the difforeonce of temperature is regulred. The
calibration coan also be done in the lebovatory prilor o the fisld
testoe

In view of the sinplicity of the appsratus and measuring
‘i:eahmiqua, this method beocomes very abiractive aond needs o be
investigated and widely employed. Some pyasliminaxy cxpevimenis
wore corvied oud at 2 test ot Bonmington Pover Siation which gove
o very encouvaging resulis. Bub the methed is in an owbryonical
atage, and at present a comparisen with other methods will not be
Justifiablea
MEIHOD _OF MEASURFMRNT,

As disoussed in Axdicle 3, the meihed of paviical
expansion is mosl commonly used for officiecncy messuremeniss L
smpll sanple of water is withdyawn s‘heacﬁlgr from the ponstock ab
a pection vhore the tobtal enevgy of the waiter is fairly constant.
The sampling water is thenm led 4o a chamber where it is exprogsed
adiohatically. Urpansion and mghe of flovw ds controllied by two
valves one ab the inlet of the chamber and the other at the outletb,
so that the btemperatuwe of the expressed waber is raised exactly %o
that of tall race. This is ssceritsined by means of thermomeiers,

oned
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one placed in the expausion chambery the other In the tail race.
It is wosi common Po use two cavefully matched platinum resistance
thernomnetors requirinép no gbsolute celibration as the adjacent srms
of a vheatutone bz-idgr;}. & galvancmeter wsed with the bridge shows
the equality in the tgmj;caramma of the expseunsion chamber and the
tail-race, 4

Sonmpling of &7&1@ tall vace water ig not necessgary in nost
canen as the tedl rece i oosily sccespible and the thermometer is
divectly placed in %;If.i@ teil wace. Howovery the temporature gradient
across the tail race fpraaem‘m a great problem at low heads. Thervefoxe
during dests at low Mac%a g device has Yo he instelled 4o sample walew
at diffevent polnts qér; the eress section Ho glve o meon btemperature
readings |

The pressuce Hl in feet of water inside of the expaansion
chamber is then accurately measured, and alsgo H‘i the total head in
feot of water at inlet of the turbine is noted by stopping the flow
throagh the exp&mainﬁ chember brought sbout by the closure of the
oublet valve. The elficiency can then be caleulated by the

efficiency equation 2,682 vhich reduces Ho
o By (1) + 2, - 3,

sNROB DR G 4%1

ﬁi (TM@) L2 231 - %2

whepe Zi and Z2 ave the detum levels of the two test sectionsy o{and B
are thermodynamic coefficients which correct for the wvarlation of
specific volume of waler and change of 1ts invomnal enevgy with

temparature and Pressuve.

APRARATTS POR_MEASURFMINT,

Por measvurement of eificisncy the apporatus requived moy
bo dlvided ivto five mailn groupsse

{1) nmxivacting probe (for penmtock)e

{31) Tall vace water miming devices

(iii)Temperatuce measuring equipnonts

(iv) Expander of throittling calorimeter.

{v) Accurate pressure recording gauge.
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Brtrocting Probosw

It is desirvable thet the probe for exitraction of vwabow
should be construeted on the prineciple of the Pitet tube to provide
for ithe measurement of pressuve heed plus velocily heeds The design
of the probe should be based on the following foctorsiw

{e) It should be strong enough to withetend strespes
due to hending monents and fotigue felluves dee to
vorter shedding.

(b) It should be stiff to wreslgt lorge amplibtude of
vibrations as the vibration might lead to mechanical
failuve snd the flititer wmight eause erroneous
Pressure r@aﬁiﬁgﬁ-

{c) %he pitot holes should be large enough to casure a
constant flow of 0.4 litres per second through the
expander ab all pressure levels.e

(d) fhe general layoub should be such that it may be
easlly ovectod ox dismontled.

The probe used during teobt was o contilevered pitvet tube

ghownt in ige 4. Tt was mode of thin siainless steel tube of

1,128 inches outside diesmetor and 1.046 inches bore, and was closed
at the orifice end, The orifice was 9/10 inches in diameter end the
gentre of the orifise facing lups’smm was fixed at a distance of fwo
inches from the rounded top of the clomed end. Cave was token duvring
inﬁex'ﬁion to avoid any ‘fin‘tense vibrations. Singh observed that the
depth of immersion at vhich the vibration mey be expected was
computed by obtalning the naturel frequency of the probe from chavis
prepored by Winternitz and celeulating the approximate shedding
freguency of the vortices from the Reyleigh and Taylor formula. The
moat favourable depth of insertion as prescribed by other investigotors
is 1/7%h of the pipe diemeters

To find any possible temporvature gradient across the pipe

dismeteor an adjustable probe has boon suggested by R. Vaunecher, which

eliminates/



w 20 -

eliminates the inconvenience of altering the depth of insertion by
- pushing o pulling the probe. This edjustoble probe consists of twoe
concentric tubes with holes in both at specified positions. By
displacing the inner tube, appertures at verious disiences frem the
wall can be opened one by one. This type of probe has suctessfully
been used by Hscher Wyss in different plants; bto measure the energy
digstribution across the test section more rapidly.
542 Hall-race water mixing deviceiw

Temperature gradient across the tail race becomes critical at
low headay where the variation in temperature in some exireme cases
might result in +2% vardation in measured efficiencys A very oxtensive
and wea2ful woxk has been done by Thom to show the effect of temperature
variation across the width and the depth of the t=2il race. The readings
obgserved by Thom were plotied in the form of temperature contours acrose
the orossegection of the flow. These contours show thot the temperature
varietion does not obey a pariticular law bub rather changes in a hepbazard
manner. loreover the chapes of the coniours change with the change of
load on the Machine., During testo it is net possible to draw the
temyerature_eanmum for every load to calculate the correct efficiency.
Sone tests were carried oui at Donnington in June and December 1959; the
traverses measured at three different loads, alithough making it possible
for a correction to be applied for the temperature gradient ascross +the
iail race, took about two hours. It ig diffienlt to justify this
expenditure of time. Therefore, if the preliminary investigation of the
temperature gradient across the 4ail roce shows that variation in
temperature will vesult in verdation in efficiency outside the required
agouracy it is reconmended that a device described in the following
paragraph is to be adopted to find the meen tempersture of the bail race,
without teking & tm,vemé foxr temperature variation.

Generally in instelling the tail race thermometer i% has been
usnal to fix o timber bepm in e veritleal plane over sections of the
teil race. Twelve U-ghaped brackets are abtlached to the beans to allow

the/
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the thermometer to be positicned ait any of the twelve Lixed pointa.
The new device was designed to sample water from these twélve different
fixed poinis on the cross-sechtion of the tail race and o mix then in o
chamber to give o mean tempervature reading. The chamber shown in ﬁig. 5
was a spherical shell of 1 f£t. in diameter mede of %% thick perspex.
Prelve short length pipes of 1% bore and 2" long ‘wexze nowtted on twelve
héless of the same bore placed on the surface of the shell for the water
inlets, The outlet consisted of 334" dia. pipe with a 90° bend, one limb
of vwhich penetrated the spherical shell from the hotton veriically and
extended to £ of its diameter, the other limb, i.G., 'the exit ond, faced
dowvnatream. The inlet diameievs of the holes and the outlet dismeter of
the pipe were so designed that the total inlet was equal fa the total
outlet ares to ensure eguality of inlet and outlet veloeity. The upper
edge of the vertical limb of fhe outlet pipe was about 2" higher then the
level of the inlet holes to ensure that the water inside was mixed thoroughly
before ‘entering the outlet pipe. At the top of the sphere an opening was
nade for insertion c;f' the thermometer probe which wes kepb in a vertical
position sfnside the outlet pipa.v The twelve ssuples of water were talteﬁ
from two different depths, six of them at one guarter of the depth and the
other gix at three guarters of the depth below the water level. The tubes
uged for sempling 'bhe water were 1% inch bore made of polythene aud about
12 £4. longs The whole unid waé subnerged in wvater and continuous equal
flow would occur in’eaeh of the welve pipes.
5¢3 Zempera o measurine couipmentte

Aeciirate temperature meagurenments are not easy to mske, even
with acourate instruments. In the Thermodynamic methed the aecurate
measurenent of small temperature differences in the rvange of 0 degC = 20 degs
is required. The neasuvemont bocomes a problem of imtme inportance when
the seceuracy regquired is higher than the order of + 0.001 deg.C. From
the following table it can be surmised thet with an instrument of one

millidegree/
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millidegree acouracy, turbines with heads of less then 140 f£t. connot
be tested if the tolerance of efficiency ervor is restricted 4o i 1%,

Table 1

Temperature Difference Net Head Acrdsﬁ
Rouivalent to 1% of Bffey. Turbine in Pi. of Water
0,02 2,800
0,01 1,400
0.001 140
0,0001 ' _ 14

Willm and Caanpres bave discusgsed the pﬂgzaibili'ties of uoling
differcne types of thermometors for measuring swrll tempersiure differences.
Also Lesii.ié and Hunter bave suggested varions thermometers for use in the
thermodynamic method, These siudies and observations together with the
work of other investigatorg lead us to the choice of the i‘oilowing types
of the thermometers avellable for messurement of amall temperatbure
differences.

(=) Hercury in glass thermomelerste

PThese are scourate only to 1/100 degs C and therefore not
gultable for heads lower then 1400 f£te of waters Other disadvantoges
are that they ave fragile and requive easy accesy for obaprvations
(v) Dpifferential thermemeterss«

Thege are simple and cen be very sensitive depending on the
liguid and differential manometer useds Therefore Further investigabion
hecomes attractive from the point of view of moasurensnts in the
Fhermodynamic nethods Advanieges of this type of thercmomeier ave
raggedness; distant reading and the fact that & long buldb cen he used
for averveging the semperature acrogs o large area, such a8 the expansion
chamber,

(e) Mevcury-ineQuertz thermomebers:-

Horeau hse recently describes tests on a me.;ecufy filled
quartz thermometer which he claimed geve en evvor legs than z 0,001
deg.€. To achieve such accuracy the thermometer must be a totally

imnersed in the fluid and obeerved through o telescope o avoid

perellax. In the thermodynemic method use of such 5 thernometer will
not/



1ot be posgible ag the aceess to the i=2il race for observation will
pregent & great problem and also simulbaveous readings of temperatures
at two stabions several mmdred feet spart could not be conveniently
achieved.
(4) golidwexpansion thermometersse

These types of thermomebers lack published ihi‘armaﬁiun and
thevefore are not in general use. Hovwever, the principle is very
gimples the differential expeusion ef iwo rods of dissimiler moterials
could yield a very reproducible indication of temperature. The
gensitive ei_ement ig usually a blmetallic strip or coil, fixed at one
and corrying on indicator or comdact at the other. The differential
expansion could bho indicated remotely by a differentiel induciance
trongducer. Neosuremend of lunductonce to give en accuracy of
temperature of % 0,001 dog.t would not be very diffionlt end this
method merits further Investigntion.
(e) Thermocouple ihermometerssm

One of the most generally useful jemperature~sensing
devices is the thermocouple. Thermocouples ave peirs ofwires, of
digoimilar netal comnected at both ends. Vhen the two Junebions are
gubjested to diffevent tenmperatures an electricsol pobtentisl is set up
between thems Then one junction is ;na:m%ained at a fixed temperature
(say that of melting ice) the other junction may be used 28 a
thermometer and the vollage curve is highly »elisble and reprods-
ucibles %Pable 2 gives the e.m.f genervated at various temperatures

in the vange of 0% - 2566 with commonly used thermocoupless

PABLE 2/
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TABLE 2.

Temosrature « Millivolt relations for Thermosouple

4

ggg‘gal a Goppex + Iron + Chromel + Plza.’s:inwa:
Junction Sonstontan = Comstantan = Alumel - 10% Rhodium =
5 0.17 0.23 0.18 0,024
10 0,39 Ofﬁl | 0.40 0.055
15 | 0,61 0.680 0.62 ‘ 0.} 087
20 0,83 1.09 0,84 0,120
25 1.06 1.37 1.06 0,153

'.’i.‘h:?_.s; teble enables us ioestimale the voliege which could be generated
by the sost scasitive thermocouple (3o Iron snd constentan) for a
temperature difference of 0.001 degeC. and 1% ebmea approzimately to
the order of O¢d x 10”6 volte.  The problen of meanuring accurately
this amall voliage becomes immense baczuse it :Ls.; a:;.ffiatzlfi; 0
elininate aud oven Lo disaover the parvasitic eleciromotive lorces
which arise in the lines and conmections botween couples; genewvally
this method is not very sultable for messwrement of btemperatuvre
- difforences bebween btwo points distant from each othew.
(£} Electricsl-repistance thozionotorsi=

Blectrical resistance thermomebers ave the most convenient
means of meaguring bemperature. They are relioble and sensitive and
the readings can be cbserved wemotelys The registsnce thormometer
depends upon the inherent chorvacterigties of metzls to change in
slectrival resistance when they wndergo o chonge in temperaiure.
Although industriel resistance thermometers bulbs are usually made of
platinum, copper or nickel the jemperaibure reslsiance phenomenocn algo
applics to certain semil conductors called thermistorss ‘herefore
elegtrical resisbtance thevmometers can be divided indo two groups
(1) Yetal resistence thermometers (ii) Thermistor ox semiw~conducton

Theymometers.

Since/



- 25 -

Since this itype of thermometer geems to be the best for the
neasurement of btemperature d¢ifference in the thermodymanmic method,
it will be discugsed briefly below.
5¢31 Hetel resistance thermometerss

Willim and Campmes selected this type of thermometer for
efficiency tests because (i) of the experience acquiréd over many
years in high precision thermometric measurements end (ii) because of
flexibility end convenlence in uses Three principel metals, Nickel,
Copper and Platinum ere most commonly used i‘or the windings of &
resistance Thevimometer bulb. These metals pogssess the characteristics
which make them suiteble for resistance windings. The reguired
chamc‘haria‘aics of material euployed in the vesistence winding should
incluﬁe’:(a) Relative high temperatuve coefficient of resgistance -~ the
greater the resistance chenge per degree for & given value b:é‘
resigtance the greater the possible gensitivity of neasurement.
(b) High pesistivity -the higher the resistivity of the matorial, the
more resistance theve is available for a glven length of wire and
consequently for a glven space; also the higher the resistaunce for a
siven temperature the grester ig the cherge per degree of temperature,
end hence thig factor conmtributes to sensitivity.
(c) Stability « the material must be steble over a long period of time
and over the working renge of temperature without chenglng its
eloctricel chavacieristics.
(4) Linearity of Resistance - temperature reletionship - this characters
istic obviously is desireble, since it resulis in a lincar temperature
scale and greatly simplifies the cslcoulation of temperature from the
measured resistance.

Table 3 gives the resistivity and bomperature coefficient
of three principal metals Fickel, Copper and Platinum,

TABLE 3/
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TARLE
v Resfativity in _Ei.’empemﬁurg ﬂoei‘f&cient
METAT: ~ ldoro Ohm - cn in Omn/Ohn C &t 0°C and
at 0°C. Ci‘"éﬁpéféﬁﬁig “C‘oéffg‘;cfent
in Ohn/0hm’C ot 0°C, and
Wickel Ge38 :650065 10 0.0066
Copper 156 - 000408

Bickels= Despiie some of its inherent limitations Nickel is most
comnonly mcad in indusiry because of its high temperoture coofficient
and adequ&ie vesigtivity. However, from the point of view of the
present investigation Nickel ag a thermometer material is not sulieble.
The principal disadventases of Nickel sre (1) its non linear mésistance»
temperature relationship (2) its inherent varietion in temparatuée
coefficiont over various lots of wire and (3) its lack of aveilability
in pure form.

atimugs~ With oxcepbion of its cost it is one of the most suitsble
of 211 metals for resistance thermometry. It hag been used for a long time
for precision Thermometric measurenents end because Platinuwm is
obtainable in & highly purified form, the ;mlueas of the temperature
coefficient and resietivity wsre constant and dependable. The lineerity
of the resisience btemperaturs relationahlip together with ashigh degree
of scouracy and sensitivity, mekes platinun a very attractive moterial
for use in registance thermonebry. Yoat investigators intercated in
the Thermodynamic method haeve preferred Platinun resistence thermometers
because of exbengive published information available and of woll lmown
and definite characlteristicas. During the pregent invesbigetion the
some bype of element was uvsed as suggested by Willm and Campmass Bach
clement consisted of a thin platinum spiral cmbedded in Pyrex (menufectured
by Comptoir Lyon - Alemsnd, Paris) had an ice’ resistance
RO = 100 & 0.020 ohmg end way rated for & continuous maximm power

disipation/
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disoipiction of 600 micro-watts. IHach senaitive element was fitted

by soft soldering with shoxi flexible leads approximately 25 cm in
l‘angth. These leads were made of stendard copper (200 strands per lead).
Tho element was then inserted with smell mechenical play in a copper bulb
- with pyrotenax heads and filled with oil. The copper bulb wes 4% outside
diameter and sbout 7" long. The thermometer was completely watertight,
sufficiently vobust and could be easily handled.

Owing to the necessity of having almost identical thermometers
it i9 essential that they should have almost no hysteresis snd that they
both should be identical within o tolerance of the order of 107%aeg ¢.
Willm and Canpmas suggesd that this can only be achieved by careful
annealing ageing end selection from & lapge number of high grade clements.
Singh observes that o avoid celibration hysteresis it was necessery to
uge the same cyele of temperature chenge., Willlm and Campmas have
described this phencmenon ap & "strain gauge® effect belween platinum and
glass and suggest that one solution would be to replace pyrex glass by a
glags with tested mechanical characieristios such as that used in meking
thermometers, such glass also having & coefficient of expension of
8 x 1078 much closer to that of platinum 9 x 1076, In conclusion Willm
and Compmas write that ganges with free platinum can be madej the
platinum spiraled like the filament of % watt lamp is mounted on a
support made of aluminium alloy, a materisl which possesses in relation
to glass, the very great adventege of having o coefficient of thermal
conductivity about 30 times higher then then of glass. During the
present efficiency tests soveral thermometer bulbs were made from
platinum enbedded in Fyrex type element, These Tesitor bulbs were
teated iu pairs over the range of 0 deg € to 20 deg € to glve mininum
deflection chonge with change of tempsrature after the balance wes
obtained at 0 deg € when two resitor bulbs were connected 4o two arms
of & Wheat stone bridge. Good pairs were chosen and others were
discarded. Willm and Campmas have theoretically analysed a way 4o
compensate the ervor produced by the slight difference in metehing.

It/
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It has besn pointed out by Leslie & Hunber that all platinum
resistonce thermometers of millldegree accuvasy have been designed for
coroful hendling under lahoratory conditlons; if they are subjscted o
vibration end knocks the resisiopce at & given temperature alters due
to méchanical atrains in the wire and the estimated temperature may be
in ervor by several hundredths of degvee celaiuag. A routine check
therefore should be made every day to ensuve thet thelr chavecteristics
were not changed during operation. This necesgitates finding a thermometer
more robust in field use but yaséessing the same degree of accuracy and
seneibivity as of platinum.

Qopper:-

Blectrolytic copper of the highest purily io obtaincble and
since the temperature coefficient of the pure metal is guite consisthent,
i1t can very successfully be used iun resistence thormometers. Copper has a
higher temperature coefficient them platinum end is therefore relatively
more sensitives DBut it has net been zo widely used as platinun because
of its low rvesistiviiy resuliting in a rather low ltenperature range. Since
in thermedynemic measurements the working temperature range is only
O deg € - 20 deg € which is well w&.ﬁﬁn the weeful temperature range of
Gopper glven as = 200 to 120 deg €, Copper will be very sulteble for
neasuring small temperature diffevences.

Damphinee has chown that properly designed copper Thermometers
can mointein their ice-point calibretion within 0.05 deg K even when
cycled betweon 20 deg K and voom tempersture. This robusiness of copper
Jhermmnetfem together with their relatively higher sensitivity; definitely
makes thelr uge a befbter‘ proposition than platinum im the case of the
thermodynanic method. ZILeslie & Hunter have atitvibuted this success of
Dauphinee's design to o combination of o rigid mounting for the resistence
thernoneter wire and complete freedom from differentisl expansion of the
wire and its mounting. At H,HeL. Lesllie & Hunter have designed a new
type of copper Phermometer of millidegres accursey which is vezy zobust
in congtbruction for field use. They employed the method of mounting the

resistonce/
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resiptance Thermometer element on o former of the same materiel with
the mininus of high qualidy insuvlating adhesive; and uvged 800 bturng of
48 BeWeGo Vinylwacetale lnsuleted copper wire to vwind on a similarly
insuleted 11 8.W.G. Copper wire, to covstruet resistor bulbs. The
regsults obtained were very ecncouraging bubt lack of publication of
cbhserved data ﬁéﬁgrs from drawing any definite conclusion. Dre Tolle
Toord has alao conabructed Copper Thermometors ef a new design at Glasgow
University (details of vhich are not aveilable ot present) and hes
susceasfully voed them in measuring smell {enperature differences across
inlet and cublet of a hydraulic pachine used for laboratory,
demongtrations. He has cbiained acourate and consistent results end
has contribuied a "very useful developnent™ in vesistbtence thormomelzny
for small bemperature differences. 1t can therefore; be concluded that
copper repistence thermometers could be one of the mopi sniteble
tompsrature neamuring devices in testing hydrauiic machines by the
thernodynanic methods
5032 Semiconduchor thermometer or Thermighorse
A thermisbor is an electricel device made of o solid semi-
conductor with & high tempervature coefficient of resistivity which would
exhibit & linesr veliageecurrent characterdistic if its toemperaturs were
held strietly congiont. When a thermistor is used as a temperatuxe
senging element the velationship belween its electrical resistauce and
the temperature is of primazy concerins The approximeie relationship
applying to most thermistors is R=Ro e B %I'" = %0)
where Ro = resigtance velue af% reference Yemporature TO
R = resiglence at eny other temperature T,OK
B is approximately a constanl over moderate
temperaiure range end depends npon composition
and procesgs of manufaciure.
This equabtion shows that thermistors heve an exponential velationship
botween resistance and tempsrature zand resistance decreases with rise of

tempereture/



- 30 =
temperotures, The temparature coeffieclent ot room tempersture is
approximetely ten times that of the metals of whioch resistonce
’hermometers are constructed. The high temperature coefficient of
thernintors vesults in thelr having grenter availeble sensitivity as
temperature sensing elemends then metal vesistence thermometers ox
conmen theymometers. As for all reslstance thermometers the measuring
eunrrent should be kept small enough to avoid significant heating in order
that element resistence shall be dependent upon the temperature of the
surrounding alone. Thermiatéra are readily designed for sufficiently
high resigtence valves to male lead-resistance erxvors negligible. Hence
Pherinstor: primery elenents vnlike wmetallic resistance thermomebers and
thermocouples cen be loecated remotely from their sssociated weasuring
cirenit without introducing eny apprecisble exror - o very deaidable
property from the point of view of the thermodynamic method. The
avail&bilﬁy of thermigtors in owall gizes and their mechanical simpliciiy
gives then advanteges over sensing elements such ag conventional resigtence
thermoncters. Horvrington and Hendley also aoziulude that excepiing
raproducibility, thermistors are generally superiocr in having othor basis
qualities such ag sensitivity, ruggedness, amall size and small lag
aceffieient.

ﬁowgver thermintors suffer from the disadventoge of calibration
stéxhili’cy. Te Friedberg also, reproducibility appearxs 0 be the principal
vrobien with thermistors which geem to undergs a systemetic resgistonce
change with time. It has been found by other invesitlgators that if
thermistors a:cre held at a fixed temperature with negligible cuwvent '?ifluw,
resistence chenges of the order of 1% per yesr sre typical. Green
mentions that in certein glass-enclosed type smaller aging resulis are
obgserved of the order of o few itenths of & percent in resistance per
years This corvesponds to o ealibration change of 0.1 deg.C or less por
year. In the thermodynanic method we are not concerned wiith absolube measures
ment of temperature. Vhat we require io an extremely sengitive temperature

sensing/
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senging clenent, aveileble in pairs heviung identicel chavecteristics
without hysteresis. Woreover the thermometers could easily be calibrated
for measuring differcnce of temperature alwost every day before starding
the actuel test. Therefore, o calibratlion change of Ow1 degC per year
will not introduce any appreciable error. Katuzman hag succesafully

uged the thermistors calibrated with stenderd platinun thermometers in
experiments on the thermodynemic method. Singh cerried out tegits on

- Glenlee Powor Siation in which a "Stantel” type .23 Thermiotor wes used
and the results obtained were reaschable.

It will not be wrong fo conclude that thermistors can be
succesefnily used in theemodynamic tosts becauce of thelr high sensitivity,
'rug’gadneaa and high registance valwe. The ohly disedvantage of having
peor calibration sﬁa‘bilm;r hoo been overcome 0 a greater exient by
nodern developuents and olse by the fact that precision type stebility
ia nog deaii?éd in thermodynomic method.

Several thermiotops suitable for the thermometry of the
thermodynanlc method ave described in Table 4. and are illustrative of
vavious shapes, sizes ond veslslance volves availeble. Use of these
thernigtors i sbrongly vecommended for messuring bempereture differences.

TABER 4.
Properiion of Typloal Thermistors

Deseription Tempe Unhented Dissipie Thermal
: Coeff. lesiptance in Onps ation Time
at 25%. factor Constant
%/ At 0°C 4% 25°6 /¢ in
SOPEOXe  ADDTOE.  ADOTONe . . Seconds

054 jn. dis dj.»?vky
radial leads - Aol 3270 1000£2.0¢% 7 160

0.11 x 18 in.rod,
axiel leads w Bo8 25500 10000%10% 6 95

(lass coated bead,
ﬁ:&ﬂls iﬂodﬁag 00061
in leads,opposite - 3.4 5000 2000%25% 0.1 1

Gless conted beed,
0.085 in.din;0.0 4
in leads,odjocent « 3.8 5800 20004207 0.7 2

Bead on 0,07 & 2 in.
glags probe ~ 3.8 5800 20001207 1 25

0.4 3n. din.~disk,
radial leads o Bl 28% 1003165 7 160
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%055 BRIDGE CIRCUITHzw

Ginoe,; basically, & vesistance thermemeter in an
instrunent for messurciung clectricel vesintonce, a bridge hos to be
employed for the measurement of {empervature. A d.o bridge hoo
comnonly been used by most investigoalors interested in the thermo=
dynamic method. Iuportant disadvanitages of a d.¢ bridse are the
presence of thermo electrie and stvay e.m.f's  and the fregility
and relatively slow vesponse of the sensitive galvanometer, together
with sensitivity to vibration. In A.c Bridge 1o definitely superior
to & dec. bridge and merite a thoroush invegtigotion for uwse in
thermmodynomic method. Leslic and Hunter have deseribed in
congiderable detall froncforsier ratio arm type A.c bridges, and have
sucecessfully used these bridges in measurement of temperature by copper
regigtance thermometer. They have also suggested varicus types of
civoults for multivle thermoueters « & very devirable sxrangement fov
sioultancouns measurement of temperature varimioﬂ 201088 & Crosge
seotion of tail race. Dr. T E. Foord and Mr. Langlends of Glasgow
Univeraity hove alse investigated the use of A.c bridge methods in
neasuvenent of tomperature. The results oblained have been exirvemely
successfal. The odventoges of an A.c bridge in thexmodynanie
meapuremcnts cananot be ovep-emphasized and it is proposed that this type

of bridge shall be employed in further investigation of the methed.

However, a d.c. bridge ie much more simple to uwge and
has the advantage of long tradition and experience behind it. Several
types of bridge network sve commonly employed in high preeision

measurenment of bempevature with platinun thermometers.

1. Whentotone bridge.

2. Collander=-Griffiths bridge.
3« Mueller bridge.

4. Smith bridge type ILl.

In the thermodynamic method we are interested only in
detection of omall differences of temperature, and are not concerned

with absolute messurenent of temperature., Therefore, a simple

Wheatatone/
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Vheatstone bridege designed for high degree of precision is all that io

raguired.

High precision of o brildge nobwork depends on iys
accurvacsy snd sensitivity. Tor the given resistences of a neiwozlk the
relationship between accursgy and sensibiviity could be defined ag "the
greater the sensitivity the smaller the agcuvacy®. Since the thermo-
dynanic nethod does not involve divect measurements of itemperatures or
registiancesy we can dispense with the aceuracy of the network and can
concentrate on incveasing ilis sensiiivity uwp o pracitical limits. By
chooging the besht ratic of the azms of the bridge and a galvenometer of
high sensitivity with resistance equal to the wequired galvenometer
resistance fov maximun sensitivitys o bridge network osua be designed to
ohoerve a greatey deflegtion in the galveanometer for very smsll
differences botween rosiptonces of two thopmometers, caused by the

difference of {emperalures.

We shall £irat investigate theoretically the conditions for
mexinun seasitiveness of a Whesbstone bridges A sensitivity equation
can then be developed and by imposing the proctical end circumptantial
limits on that equation the condition for pexrmissible sensitivity could
be known.

5¢351. 'Theorebical sensitivity of Wheatstone bridmes-

The Wheatstone bridge is 2 network of gix conductors and is

usuelly roprosented as en arvangenent of conductors in trilatersl
gymmetry eboubt the point D (Figoéa & Fige 6b)s  In this system a battery
is inserted in the braneh AR and = golvanometer in the branch €D. Some
adjustments of one or move of the bronches are made until the current

through the grlvanomeder 1o zZero.

A. CGray hes glven a detailed theoretical aunalyois of
seneiiivity of Wheatotops bridse. He congludes thet vhen everything
except B dia & matter of ¢holee and arvangement, we should meke

l%lmﬁgmﬁﬁmﬁl}ﬂﬂﬁmﬁéo
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This, however, iz almost never a practicel aprvengement

and :i.ga impogsible 1o achieve  these theoretical conditions. Since

the sensitivity of 2 higher opder io not easily cobizainable, the only

golution left to this problem is to find out how sensitiviiy depends on

the velative values of the various vesietonces of the bridge. And this

being imown the sensitivity of the bridge could be inereased o the

optimum value ellowed by veriouns limiteiions and émcstical i’estrictions.

5.3%2. Praotical sensitivity of Vhestplone bridgei-

Leb vy consider now the Vheatatone bridge as 2 network of
£i. 5 conductors (Fig.7); +the resistonce of battery being small we will
consider it equal Yo zero., It has been chown in Appendixz IIT that i "

the curvent throusgh the galvenometder cen be expiressed ag

E (R, B, «
:Lg, J— 2 3 4) osoesowasY 5’53231
¥ E R, (B v ) (0 ¥ 5

where B io the e.n.f. of the battery applied to the civeouis

& EIMRlﬂ?R -2R§R4&RRR+R412

In order to d&iscover the best srrangement of the bridge, let us suppose
for example that belemce is obtaiiied by edjusimont of Rye  Since the
precision of dédjusitment is greater, only when for a given fractional
change of 1%5 at the point of balance, there is & levger galvenometer

&éﬂeéﬁimg therefore the bridge gensitivity could be defined as 8,

where
1
w S
3

where Sg is galvanometer deflection peyr unit current.

By referring to ean. 5+3352:1 we can write .the partial derivations of ig

with respect o R§ as

. 9 : . :
al, Ry {Y«z- R {R1+R5)(Rg-riﬂ)} (R Ry~ Ry Yo gﬁa{y+ﬁg{ﬂl%ﬂs)(ﬁgvﬂ4)}
azs‘P

{ + Ry (Ry + By) (B + R[Q }?"

and/
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o

and ot balauce RQ i‘ié,

e

R R

1
Rﬂﬁﬁw%34m6

'Blg ER

R - 2 AHERO OB 0 5“3?)2%2
OBy T v R, (B, + 33) (R, + Iaé_)
8 B, R, B
g8 "2
g . connsnss H*H3283

¥ % Rg (121 & }25) '(Ra + n‘z)

ag R

8,0 R, B
g @ Hhassene 5‘35234
¥R, (= , 1%5) {&22 4+ RA)

Hvidently '8 bas exactly the same form if Rg or R 4 were adjusted and
therefore for a given sed of resisitances, the bridge is equelly sensitive

46 & vaviation of any arn.

As in practlee it is net always possible to obiein a
galvenoneter nade o gpeeilfic requirements wapely the sensitivity and the
vesistancey; therefore we will fived investigete the conditien for a
maginum value of Y the gensitivity of the bridge, with & given
batbtory and galvenometer. That i B end Rg are consbanty Lub

R

oy R & Rk, may be varied wiihin the Llimitebion of the wolation

3 4

R

213' = R

5
In addition o this mathematical vesiriction there are cerialn

physical limitations which muet be cbuerved, becouse each resistance

element hag o definite current capacily or noximun safe ourrent; the

magnitude of which depends on the construction of the element.

Therafore with the given e.mefs there is o ninimun possible value for

Bl 4+ R? and alao Rp + B 4 Te mininum velues mey be different in

the/
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the two cemes. Here it conld be mentioned that the current cepacity of
a given type of resistor element is usuelly greater for low resiotances
thon for high. By supposing thet E  is omall enough so that the
current through R2 &R 4 will nover be excesgive, we may avoid any
reatrietion on Re & Rt}. We canmot however avoid any restriction on

Bl & 35, beconse in 'i;hermodmamie method the two resistance thermometers
constitute o part of the resistances R1 & 125. And as the current
capacity of the elements of the resistance ‘t‘;hermometerea commenly used
are very lows so to avoid any overheating of thermomeders, we cammod
escape the condition k

Rl+R5 = 2&%4-8;(820).

wheors R@ is the minimun gafe value of R}, % R§

and is subject te emother welation

i max X2RT = i

where imax is the seyximun permissible ouvrveni through the resistance
thermometer & B 1o the e.m.fs of the battery used in the neiwork.
The sensitivity of the bridge le givern by

Sg' E. ﬂl R4

8 = .
Y+ R@ (31 +_1%5) (32 + 214)
Sge I
or 8w - - s
Rl o E i )+ Batigly R.R ﬁ Rnlﬂnzﬁg . Bgéﬁl o ngf . RZR§ . R%Ri
an Bl 4 RIR (R.IRA@ :Rl 4 RIR 4 RIR 4
oy S= Sge B
®R R R,R R
-«3?-}- —~1¢R3+R+Rg§m%+l*§%§i+§
4 : 1 4 174 1
Since Rzns = R1 4 '
or S=
344R3+ﬁ2)+3g21 ~:«1+1~t__§;
RB Rl
or 8« Bge B

(Rl‘*z% 2%) + Rg éﬁl- $2+51§
Ry Iy
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and 'S' will be moximun when denominator (sey D) will be minimum,
‘bui; D will be minimum subject to conditions.

R2§13 = 1%11'{4

ﬁl+1§5m 2RT+8 ; (8 3 0)

Therefore for minimum 'DY

& ‘0_. and?_]g_ e )
R,
shero D+ (iy * Ry 4o T (M, T )
E?& Rl
.

» s OB -Rl
e @ 1 4+ Rg ._1_') = 0
8 &F "8
or R® = Rng
3 B
R+ g

or R5 = P‘l X
w,+ g e 5,332 3 5

W s Gk o 5.352 H 6 Lo

n4aaﬂ*33'~/_ W mmemmr 54332 3 T

1.’.] q—-g&m»
121+Rg

Since '8' the sensgitiviity of the bridge is directly proportional

to Sz the currvent sensitivity of galvanometer which 4in turn is
directly proportional to the squsre root of its resistonce; the
value of Rg shouwld be of a higher ordowr, But it should not be
too large as Bg appears in tho denominaior of the senaitivity
equation and so tenda to decrease the value of 'S's However, if
Rg is lavge compaved with Rl, the best armngement of the bridge

by inspection of eyuations AB, 4, 5 ¢ 5,333 will be as follows

R = R5 = Ry (say)

R

, =Ry =R (say)
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Hewe it will be useful o £ind out the best resistence of a
galvéndmete:z for a2 given bridse network. Ve know thet for a
salvenator

B, prasmmoms
8g = Hxy g where R is a constant

Substituting Sg = h JE  in the sensitivity
equation 5.332.¢ 4 we gob

8= h.[Rg X 3;34313

¥ + np (Rl + .&3) (R2 + 34)

Differentiating & with w&pe:?t‘ to Rg we get

og ' (2 Re gz"-z«ng(z-«zlm;)(ﬂfns) - Bg (al+35)(32+35
Y =l xnlﬂéx@{

{2+ 8 (Ry+85) (@2+n4)5 2

For maximum 8 4, SOf8 = 0O
Vg
1

ig-f _ﬁmg’f + Rg (Hﬁi%)(ﬁgﬁﬁ% = [T (nl+za3)(zzg+ﬁ4)
or Ng le%) (RE-%»R4) w ¥
or Re = 3132113 + 3%34 + re R R, + gznzn;

= Byl (R, + .135) + 2}35 (i-ag P ﬁ&)

“'"'(Rl FR) (B * By)

Rg = Eﬁﬁa + ﬁfi
32R4 EIRB
At balance i‘i}” - EE?:.
1‘&5 R 4
which gives m o RtBy zalmzmimg
1%5 R‘% 33‘1-1%4
“‘. Rg'm‘;‘z&‘“‘“ % %%g%_ - %ﬁ
ﬁé{ﬁf&i) 3 3
or Bg = B3 % Rﬁ) x By (B + Ry
Rg(ﬂl *Ry F Ry 34)
orng =Bt ) 2y + By) o 5:332 ¢ 8
T + 1, + R+ 5,)
or 'ﬁi— N Eﬁﬁ; + N 1;@4 e 50332 3 9

Thus the resistence of thse galvanometer for moximum sensitivity

should/
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ghould be equel to the parzllel resistonce of the bridge.

These dlscussions and methenatlcoal treaiments lead us
to the general conditions for the moat sensible arvangement of the
wheatotone bridge, 2o epplied to Themmodynamice method $0 enoure a
high degree of sensitivity.

Referviag to Fge 7 ve should have for the most
sengible srrongement
(a) By =R, =R (soy) e9 small as pogwpible

This should be the Arm containing

() B = By = Bp(gay) { resintonce thormometer end should
algo be of lover order

3 1 1
(e) 5= = T g
Re lee RB :-R4
() ® = Lo (R:l. 0 R5) vhere :imax ip the meximm

allowable cuxrent fhrough
resistanco thepnometers,

90335 Calonlation of defleotdon with change pf resistance -

Leb ol g oaps be the swsll chenge in ourrent throush gelvanometer
and An m be the corvesponding movement of gpotlight, If the
current sensitivity of the gulvenometer is defined as %k mm

per micro amperc. Then

st .76 JE—
wo con write Olg = %&%‘%‘ CMperes  e-messwe= 30335 8 1
Re writing equation 5.332 1 2 in difference form, we can
express &1, also as
Mg= ARy x B o memeee 5,333 5 2
+ Rg (}31@}23)(324%)
From 54333 ¢ 1 and 9333 1 2
wo can wrile 6
B B, x % 10
AN = R,

3 £ T g (31““35}(132*3 M)
In srticle 5.332 it hag been ghown thet for the most sensible

arvengement of the bridge

R2 & R4 @ R
Rl o 113 = R’i‘

and/
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. L x
and since B o= o (Rl + Rﬁ)

. i .
therefore B =] max X 2 R‘i’

aquation of deflection can therefore be written as

Lmaxx R’l‘xRxJix

an , AR, x
=73
RyBRy + RoR-R, + RgRR) + RRyRy + Ry (8, +mﬁ) (®, . 114)

AR me: X K % 1()6 ® 2R
x .
- RRTQ+EQR@%REQE+R‘ERT+RQERT‘QR

= AR X Lmaa&xkxlcéxanﬁm

2 R Ry (m+nﬁ,) * 211&,

; . )
A lpax = K x 10

n = AR MM seseesess 5433523

5 %
(= + Rp) * 2R,

With the help of this equation we can caleulate the defliection Am

in mm for a small chonge of wesistonce AR3 ohm for a given
galvenometer whome resistance is I%g chms omd sensitivity is defined
as K mm per micoro amperess end max is the current flowing bhrough
repistance thermometers;, R d1s the resistance of ecual ratic arms and

R‘J.‘ is the resisiaonce of equal thermomoter sryms.

5¢%34. Qomparison of different networks for sensitivitys-
It would be interesting to compaxe the sensitivity of
verious bridge networka for e given pair of thermometers and a
gelvenometeor of fixed resistonce.
The following aseumptions will be made
(i) The thexmomeboers used have each iesistonce of approximetely
100 chma.

(i1) ‘'The fundamental ir° 2l of thermometexs is given as
Rygo = B, = 40 okms por 1009,

(111) /
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(111) The current capacity of thormometer f.e. = 2,0 x 107
anpereg.
(iv) The gelvenometer used has a fixed resistance R . = 478.6 ohms
and o current sensitivity of 529 mm per mioro amperaes.
(v) The sbove conditions will zemein similar for the arrangements
of various networks.
Baglgs~ The gomparison will e made on the basis of a change of
tomperatune of 0.001%¢.
Since the fundamental interval of the resistance thormometern
used is given ag 40 ohms per 10006, o temperature change of
0.000°¢ ==z & resistance chenge of 0.0004 chms

Theorefore we will caloulate an  the deflectlon in mn for a

chonge in resislance ARB = 0,0004 okmss

Re-writing equation 5+33313

An = ARﬁ xLkax :0.()b
(& + Rm) + 2 Rg
we get
0,0004 x 2.0 x 107 x 525
n = .
(R + ET) 4+ 2 x 478.6
420
or n o BN seveos 5'334!1

(R + By) + 957.2

The eguation 5*334:1 will enable us to calcuinte the galvanometer
light spot deflection in mm for a change of temperature of 0.001°%.

We shall now examine the wvarious notworks.

(a) Simplified Smith bridges-
For certedn preliminazy investigations it was decided

t0 nee the Smith bridge in a simplified form, with ite four arms each
equal to 1000 ohwe  The avvangenent used is phown in Tig. 8

here/
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hore R’l’ w1000 ohw

and R = 1008 ohwm

420
AN s 0:142 wm
(1000 + 1000) + 957.2

(v) Modified Smith bridses- (Used by Dr. A. S. Thom).

8ince the gimplified Smith bridge was not suffioiently
pensltive the arvengoment shown in Flgs9 wes wsed o obtain meximun
sensitivityy

here Rr@ w 300chwm end R = 40 ohwm

420
AN w = 0,322 mm
(40 + 300) + 957.2

(which shows that the srrangement of Fig.9 is 125¢% more sensitive than

the arrangement of Fig.8).

(o) lodified Gellander snd Griffith bridse:- (Used by Dr. Singh)

The arraangenent ig ahowﬁ in Mig.l0
here R‘l‘ = 120 ohm
B = 111 ohm
420

an 53 wa 0.354 mm
(111 + 120) + 957.2

() Willn bridges= (Pig.ll)
here Rﬂ = 100 ohw

R = 10D ohw
420
{100 + 100) + 957.2

An =

= [+ 9 363 i

I% io ovident that of all the four arrvongements discuseed, the bridee
used by Willm dis by far the mosgt sensitive. However it is not ideal

and the sensitivity of this arvangement cun be much improved.
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5.%35. Doolgn of Wheststone bridse for thermodynamic mothod (for
ghven .golvanosster and vesistoncs thermometers)s-~

For the most sensidble sprangement of a bridge network
for thermodynemic method es discusgsed in 5.332, the conditions relating
to the veluen of pegisisnce of arns arotw

(a) Ry =1 4 = R (should be as small ag possible)

(») B =8, = R

= By {should be of & lower oprder)

Y
In praciice however we cannot sesign any desired values to the

reaistonces Rl, Rz, 35 &R, Since the contact resistances add to

4

the resistance in the aam, and any vapiation in the conteact resistounce
condributes 40 the uneertainty in zatio which in turn affects the
pevcitivity of the bridge, it is thersfore deopiryable thal the
rosigtances of the arms be large. However; high resistences ave
affected by hunidity to a grester extent than low resictonces and are
legs stable, so thel they are accurately known for e shorier _t;ime' it

is therefore betler o use intermediate values of resistance i.e. between

10 ohms and 100 ohma.

in choosing the values of the veslistances Rl end R"b’s the

branches which conitein thermometers, we ore left with o very narrow

choice. For the sensille arrangement R, = 1%‘3 = Ry, (s2y) and with Ry

appesring in the denominator of the deflectlon equation 5335313, 1% is
necesasary that these resistences should be of lower order. Therefore

arms Itl and T, shonld comprise only wesigtonce themmomelters heving

3
regiotonces of intermediate value, tending towards the higher oxvder so
that the lead wesistences should be smell compared with thet of the

thernoneters themgelves.

Floatinum thermometors have already been used by most
workers for the thermolynamie method and algo useci for the present
investigation. Thorefore all design caleulations will be made on the
susunption thet platiaun resisiance thermometers are 4o be used in the
bridge. FPlatinum resistance thermometers having values 100 ohms at

0% were used by Willn and Cempues, Thom and Singh end sppear to meke @

good/



good compromise between high end low order of resistonces.

Pherefore;

?:31 = RS = E@? = 100 ovw approximately
ghell be chonen for a sensgitive arvangement.

In article 5.334 it hes boen phown that Willm's bridge
network is the wmoet gensitive comparad ﬁith the avrangements used by
other investigators. It should be noted that the calewlation of
defleotions for comparison was bhased on o golvanonoier d@ifferent from
the type used origlnally by Willm end weg legs ponsiiive. TFor fuxther
improvement of sensiiivity of a bridge network therefore, the Willm
type bridge together with the galvanometer oviginally used by Willnm end

Uanpmas will be {aken as the basls of all desiga calenlations,

Willn used a Schlumberger S.P.B. type SP 8D gelvanometer,
whose internal recistonce Bg = 12() ohma and sengitivity ip given as

3.0""9 ampere per milll radisn snd the length of ray of light is 750 mm.

Therefore the spotlight deflection per mn will be

equivalent o %5 radian,

or 1 ma deflection =z 37:% milil wedisn

e

current sensitivity =x 0.75 mm pew 10~ amperes

or ourrent sensitivity cen be defined as

750 ma por micrd anperes.

Using equation 5+33%:3 we can calewlate the defieotion of o galvanometor

in a Willm type bridge for a change of 0.001°C in temperature. ind <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>