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Classroom

In this section of Resonance, we invite readers to pose questions likely to be raised
in a classroom situation. We may suggest strategies for dealing with them, or invite
responses, or both. “Classroom” is equally a forum for raising broader issues and
sharing personal experiences and viewpoints on matters related to teaching and
learning science.
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The Magnetohydrodynamic Generator
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The X X X IIInternationalPhysicsO lym piad was
held in A ntalaya,Turkey from June 28 -July 6,
2001. It m arked India's fourth foray into this
exciting event w here sixty-̄ ve nations partici-
pated. A s the delegation leader of the Indian
team at A ntalaya, one of us (VA S) was privi-
leged to be in the thick of action. O ur perfor-
m ance was a resounding success. W ith three gold
and two silverm edals we were placed second after
the People'sR epublic ofC hina (fourgold m edals
and one silverm edal)and atparw ith R ussia and
U SA .This article describes an interesting prob-
lem on the m agnetohydronam ic generator that
wasposed aspartofthe ¯ve hourtheoreticalex-
am ination.

Pream ble

The InternationalPhysics Olym piad (IPhO) is an an-
nualeventinitiated by erstwhileEastEuropean nations
three decadesago. India hasbeen a late-com erto this
eventwhich ispartfestival,partcom petition { in short
acelebration ofpre-collegephysics.W eparticipated for
the ¯rsttim e in 1998. Thisyearwasourfourth foray
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into thisexciting event.Oneofus(Vijay A Singh)was
the delegation leader ofthe Indian team consisting of
¯ve pre-college (Standard XII)studentswhich partici-
pated in the XXXIIInternationalPhysicsOlym piad at
Antalaya,Turkeyfrom June28toJuly6,2001.W epar-
ticipated in thetrainingand selection ofourteam ,gave
tipsand advicetothem in Turkey,and shared theagony
and the eventualecstasy during the prize-distribution
cerem ony.In short,wewereprivileged tobein thethick
ofevents.

The road to the Physics Olym piad is indicated in Ta-
ble 1.Ourintenseinvolvem entbeginsin M ay when we
run theInternationalPhysicsOlym piad TrainingCam p
(IPhOTC)in theHom iBhabha CenterforScienceEd-
ucation (HBCSE),M umbai.Oneofus(Vijay A Singh)
was the Academ ic Co-ordinatorofthe Theory Partof
thetraining cam p.Itisperhapsfairtosay thatatleast
adozen ofushavetom akedowith fourhoursofsleep a
dayforthenexttwom onths.W ehad adi± culttim ese-
lecting thechosen ¯vestudentsfrom thethirty-twowho
were presentatthe cam p. Thisdone,we conducted a
pre-departure training (PDT)forthe ¯ve studentsbe-
fore°ying to Antalya fortheIPhO.M oredetailsofthe
procedure,preparation and strategy can befound else-
where[1-3].

The exam inations consist oftwo com ponents: experi-
m entand theory.Each com ponentisof¯vehoursdura-
tion.Thetheory com ponentconsistsofthreequestions

# Exam Duration Date Participants Assoc.

1. NSEP 2.5 hrs Nov./Dec. > 25,000 IAPT
2. INPhO 8 hrs. Jan. end 200 IAPT  + HBCSE
3. IPhOTC 3 weeks May-June 35 HBCSE
4. IPhO-PDT 1 week June 5 HBCSE
5. IPhO 10 hrs. July > 300 Intnl.

10 days location!

Table 1. The road to the
Physics Olympiad.
The acronyms (NSEP, IAPT, etc.)

are explained separately in the

text.
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each often points. The experim entalcom ponent car-
riesa weightageof20 points.Asm entioned above,our
e®orts were m et with a good degree ofsuccess. W ith
threegold m edalsand two silverm edalswewereplaced
second,justbehind thePeople'sRepublicofChina(four
gold m edalsand onesilverm edal)and atparwith Rus-
sia and USA.However,there wassom e heartbreak too
(see Table 2). Naresh Satyan m issed the gold by only
0.15 points!Ifonly wecould havebridged thisnarrow-
estofgapswewould havequalī ed forthe top ranking
alongsideChina. Sixty-̄ ve nationsparticipated in this
event.

Thecurrentarticledescribesoneofthechallengingtheo-
reticalproblem sposedintheXXXIIInternationalPhys-
icsOlym piad and itssolution.Theproblem ispresented
in a m odī ed form to m ake itsuitable forpresentation
in articleform .

TheM agnetohydrodynam icG enerator:theProb-
lem

A horizontalrectangularinsulatingpipeofwidth w and
height h,which closes upon itself,is ¯lled with liquid
m etalsuch asm ercury orliquid sodium ofresistivity ½.
AnoverpressureP isproducedbyaturbinewhichdrives
this°uid with constantspeed v0.Thetwo oppositever-
ticalwallsofasectionofthepipewithlengthL arem ade
ofcopper.Thecopperwallsareelectrically shorted ex-
ternally and a uniform m agnetic ¯eld ofm agnitude B
is applied vertically upward only to this section. The

# Name Place Points Medal

1. NANDAN DIXIT Mumbai 45.8/50 Gold
2. PARAG AGRAWAL Mumbai 43.5/50 Gold
3. ARVIND T Chennai 42.2/50 Gold
4. NARESH SATYAN Bangalore 41.85/50 Silver
5. VIJAY KUMAR S Bangalore 40.3/50 Silver

Table 2. Results of the
XXXII International Phys-
ics Olympiad.
Prof. Vijay A Singh, IIT-
Kanpur and Prof. D A Desai,
Ruparel College, Mumbai
were the two leaders of the
Indian team. Note that
Naresh Satyan missed the
gold by only 0.15 points!
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set-up isillustrated in Figure1,with theaxesx;y;and
z asindicated.

The m otion ofa real°uid isvery com plicated.To sim -
plify thesituation weassum ethefollowing:

² Although the°uid isviscous,itsspeed isuniform
overtheentirecross-section.

² The speed ofthe °uid is always proportionalto
thenetexternalforceacting upon it.

² The°uid isincom pressible.

1.Find theforceactingon the°uid duetothem ag-
netic ¯eld (in term s ofL;B ;h;w;½ and the new
speed v).

2.Derive an expression for the new speed v ofthe
°uid (in term sofv0;P;L;B and ½)afterthem ag-
netic¯eld isapplied.

3.Derivean expression fortheadditionalpowerthat
must be supplied by the turbine to increase the
speed to itsorignalvaluev0.

4.Instead ofshorting the copperwalls,we connect
them with aloadresistanceRL.Such aset-uprep-
resentsa m agnetohydrodynam ic(M HD)generator
in idealized form.Derivethem odī ed expressions
fortheparts(1),(2),and (3).

5.Derivean expression forthee± ciencyoftheM HD
generator. Forwhatvalue ofthe load RL isit a
m axim um ?

Figure 1. The MHD genera-
tor consists in its idealized
form of a  horizontal rect-
angular pipe. A liquid metal
(say mercury or sodium) is
driven along its length by a
turbine (not shown). The
broad arrows at the two
ends indicate that the pipe
closes upon itself. A uni-
form magnetic field B ex-
tends over a section L, and
the two copper plates
placed on vertically facing
walls are electrically shor-
ted across CD. In later parts
of the problem a load re-
sistance RL is inserted be-
tween CD.
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The M agnetohydrodynam ic G enerator: the So-
lution

1.Letthespeed ofa °uid particlepassing through the
section be v. From Faraday's law ofinduction the in-
duced electrom otiveforce(em f)acrossthecopperwalls
willbe²= B vw (seeFigure1).Thesection ofthe°uid
acrossL willim partresistancetotheelectricallyshorted
circuit. Using Ohm 'sLaw the induced currentwillbe-
com eB vhL=½.ThiscurrentwillproduceaLorentzforce
on the °uid in the presence ofthe m agnetic ¯eld. The
forceacting on the°uid isthus

F =

Ã
B vhL

½

!

(¡ wŷ)£ (B ẑ)

= ¡
B 2vhwL

½
x̂: (1)

Asexpected,thism agneticforceopposesthem otion of
the liquid m etalproduced by the turbine. Note that
x̂;̂y and ẑ areunitvectorsin thex;y;and z directions,
respectively.

2.Theforward forceon the°uid duetoturbineisPhw.
The speed ofthe °uid in the absence ofthe m agnetic
¯eld can bewritten as

v0 = ®P hw; (2)

where ® isthe proportionality constant. On the appli-
cation ofthem agnetic¯eld,thebackward Lorentzforce
willalso act on the °uid. Now,the new speed ofthe
°uid willbe proportionalto the net externalforce on
the°uid,

v = ® (Phw ¡ F):

HereF isthem agnitudeoftheforcein (1).Substituting
theexpressionfor® andF from (2)and(1),respectively,
weobtain aftersom ealgebra

v = v0

"

1+
v0B 2L

P½

#¡ 1

: (3)
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3. The additionalpowersupplied by the turbineto re-
storethespeed ofthe°uid toitsoriginalvaluev0 should
besam easthepowerdissipated acrossthe°uid section
L. This is given by the Joule heating form ula. Hence
theadditionalpoweris

p =

Ã
B vhL

½

! 2

(
½w

hL
)

=
B 2v2hwL

½
: (4)

Note that we m ay also derive (4) by the well-known
expression that the instantaneous power is the scalar
productoftheforce(1)and theinstantaneousvelocity.

4.W ith load,thecircuitwillo®ertotalresistance
(RL + ½w=hL) and the induced current willreduce
accordingly to B vwhL=(RLhL + w½). The forceacting
on the °uid due to m agnetic ¯eld underthism odī ed
situation willbecom e

F = ¡
B 2w2vhL

RLhL + w½
x̂: (5)

The net externalforce willchange and hence the new
speed ofthe°uid is

v = v0

"

1 +
B 2wv0L

P (RLhL + w½)

#¡ 1

: (6)

Thetotalpowerdissipated willalso getm odī ed,

p =
B 2v2w2hL

RLhL + w½
(7)

Notethattheabovem odī ed expressions(5,6,7),will
reduceto(1,3,4)respectively,ifweputthevalueofRL

to zero.

5.E± ciency ´ ofthedevicecan beexpressed as

´ =
Poweracrossload

Totalpowerdelivered

=
R L

RL + ½w=hL
: (8)
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W hen RL isequalto ½w=hL,thepowerdelivered across
the load willbe m aximum . Under this condition the
e± ciency willassum eitsm aximum value,i.e.50% .

Postscript:C alculationsforPowerand E± ciency

In the discussion so far we have neglected Halle®ect,
an aspectthatwasexplicitly excluded in theOlym piad
problem since itwasoutofreach ofeven a brighthigh
schoolstudent. The Halle®ectarisessince the m oving
charged °uid particleisde°ected in thepresenceofthe
transverse m agnetic ¯eld. This results in an increase
ofthe resistivity by a factor(1+ !2¿2). Here ! isthe
cyclotron frequency ofthecharged °uid particlesuch as
anelectronand ¿isthem eanlifetim ebetweencollisions.
W eshallnotderivethisresultherebutreferthereader
to an authoritativetext[4].

Table 3 depictsnum ericalestim atesofF;v;p and ´ for
a set ofinput param eters [4]L = 0:5 m ;h = 0:2 m ;
w = 0:2 m ;B = 2:0 W b/m 2;v0 = 3000 m /s;P = 15
kPa; ½ = 0:1 -.m for our idealized M HD generator.
Theseestim atesareobtained from (1,3 to 8).W ehave
neglected Halle®ect in other words the Hallnumber
!¿ taken to be zero. For nonzero Hallnumber, one
should replace ½ in allthe above m entioned equations
with ½(1+ !2¿2). Note thatthiswilllead to an appre-
ciabledecreasein thee± ciency.An inspection ofTable
3 m akesthisclear.

Apart from the e± ciency there are a numberofother
therm odynam ic,hydraulic and electricalfactors which

ωτ = 0 ωτ = 10 ωτ = 0 ωτ=10

F (N) 480 22.9 400 22.6
v (m/s) 600 2886 1000 2887
p (KW) 288 66 400 65.4
η 0 0 0.5 0.01

Table 3. The table encap-
sulates  some performance
characterstics of an ele-
mentary  MHD generator.
The load  resistance RL has
a value of 0 ΩΩΩΩΩ in columns
two and three and 0.2 ΩΩΩΩΩ in
columns 4 and 5.



CLASSROOM

75RESONANCE  July    2002

a®ectthe perform anceofM HD generator.However,in
itselem entary form these are ignored and in factthat
com plex analysisisoutofthescopeofhigh schoolstu-
dents.
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Abbreviations and Acronyms

HBCSE:  The Homi Bhabha Center for Science Education   [National Center set up by TIFR in Mumbai, India]
IAPT: The Indian Association of Physics Teachers  [A voluntary, grassroots organization of physics teachers

active for over 15 years]
IIT: The Indian Institute of Technology
INPhO: The Indian National Physics Olympiad (Exam) [An annual national level examination conducted

jointly by HBCSE and IAPT]
IPhO: The International Physics Olympiad (Exam) [An annual examination in which sixty-five nations

participated this year at Antalaya, Turkey.]
IPhOTC: The International Physics Olympiad Training Camp  [This is run for three weeks in May-June at

HBCSE  with in-house and IAPT faculty’s help.]
JEE: The Joint Entrance Examination [An annual entry level national examination conducted by the IITs]
NSEP: National Standard Examination of Physics  [An annual nationwide examination conducted by the

voluntary body, IAPT. It is the entry point for INPhO and  IPhO]
TIFR: The Tata Institute of Fundamental Research  [A premier research body situated in Mumbai, India]


