
UNCLASS! PIED

427769

DEFENSE DOCUMENTATION CENTER
FOR

SCIENTIFIC AND TECHNICAL I4FORMATION

CAMERON STATION. ALEXANDRIA. VIRGINIA

Best Available Copy

UNCLASSIFIED



FMOfCI: when gmwzmmnt rr other drawings, spedi-
fications or other data am~ used for any purpose
other than in connection with a deaite4ly 'eslated
govermnt procurmnt operstion,, the U. S.
Governmnt t~aereby incurs no responsibility, ?Aar mny
obligation mhatsoeveri and the fwt that the Gore=n-
amt .mY have fovuAlated,, furalshed, c.- irn any tm,
supplied the said drevinnp, speoifioatims, or other
data is not to be repwded by laplic tioc or otber-
vise as in many maner licensing the holder or any
other person or corpoxstton, or conveying mny rigatt
or peiuission to innufatctre,, use or sell amy
patented invention that my in any viny be related
thereto.



ASD-TDR-63-776
VOLUME I

UNCONVENTIONAL METHODS
FOR INFLUENCING FLUID FLOW

TECHNICAL DOCUMENTAIf REPORT No. ASD.TDR-63-76. VOL. I

NOVEMBER '963~

AF AFRO- POPU I SI(ON ILABORATORYcPYWt•FAR(CII ANt) I'E( IINOIL((;Y I)iVISION
AIR FORCE SYSTEMS COMMAND

SWI(JIIT.IPAIrERS()N AlIR FORC( F RASE. {01110

h o,,"..4 No,,, Ii ,p. Nibk Nil, sLar mI A N 4 I • *,I

TISIA Q

T ,I ,ic.' l e,,r Cstillrav, t .i Al" 'VWWý-9914•l. tby llw

( irtivi lml'~l e -ift~~t '. it kiidiagy, Is~ru~i| • i \h,'clutgi•',l lktll.qts;'raasl l'ItglI.tr~ll. PitvI ;'. Iaul~a I.



NOTICES

When Government drawings& specifications, or other data i . e used for any
purpose other than in conneotton wiith a definitely related Government procure-
ment operation, the United States Government thereby incurs no responsibility
nor any obligation whatsoever, and the fact that the Government may have
forn,,ulated, furnished, or in any way supplied the said drawings, ape-tifications,
or other dat&, is not to be regarded by implication or otherwise as in any
manner 11 censing the holder or any other person or torporatio.;-. or conveying
any •";s or permission to manufacture, use. nr sell any patented invention
that may in any way be related thereto.

Qualitled requesters may obtain nopies of this ".Port from the Defense
Doeumentatson Center (DDC), (formerly ASTIA). Cam%.a,,'n Station, Bldg. 5,
5010 Duke Street, Alexandria 4. Virginia

This repr-4 has been released to the Office of Teehnicau :erv1ces, U.S.
Department of Cbnmmroe. Washington IS, Dd.. In steok quattier for sale
to the general public.

Copies of this report should not be returne4 to the Aae•onautic yaSstems
Division unless reftrn Is reqMired by ectartly ooustdurations, contractual
obliaption, or notice on a specifie document.

*i hmminy lU - elI~.-ail



;Vo

This is volume I (of three volumes) of the Phase I Final Recport suppo'rted
by the Air Force under Contract No. iAF 33(657)-9914. This. vvujule contains the
results of d number of studies made by the senior investigators on this
project. The second and third volumes contaltn detailed studies in the form
of doctoral theses supervised by the senior investigators.

In this volume eleven investigations of effects capable of 4ffecting
fluia behavior are suav~rized. A list of the person~nel Associated with each
invojtt%;tiofl is given below. The first name in eae~h case is tL.-. tiior
irnv.*-'~wor responsible for the content of the section 4nd the names in
parenthesis are his co-workers.

.Section I J. F. Osterle
? J. F. Osterle (S. W. Arngrist)
J J. F. Qeterle

* 4 W. T. Rouleau (J. L. iNehroy, G. Mott)
* 5 F. J. Young (J.NK. arphy)
" 6 F. J. Yourt%
K 7 S. W. Angriet. (S *.Y. uow)

8 3. W. Aragrist
9 3. W. Aflg1ist (S. C. Yi. 1W~)

10 W. T. Rouleata (F. J1. ',owg)

The present status of etnh study and th.? action thAt w,. recamnd be
token :or the ftutare In each coop is eaumkised as tcjiowel

I theor coqw1ete exiperiant~ation
2 campleaLs teri nat~ian
3 theory caop1*te experimaentatinn
4 incomplete con ,t~iftwVn
5 incomplete continuation
6 I-OROP16.10 contint.*tIon
7 couplaet t~erinatlon
a ineomple. Co~Lntinat.ion
9 Intoupleto continuation



- SThACT

,k number of related problemrs concerning the utilization of unconventional
effects for the purpose of affecting the behdvior of fluids :.re investirited.
Eiffects cdpdble of directly converting thermal or electric,.t power into
pumping power without the use of mioving mechanical p4rts are studied. A
means of improving the thermoelectric cooling" of liquids is investipAtea. A
way of decont'imintting fluios by an electrical effect is Itudied. Firially, a
scheme for suppressing pressure surges in flowing fluids is exam •,ea.

This technical documentary report has been reviewed and is approv'd.
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Section 1

TH~luL PLX'PLDG

1-1 Introduction

In this section an investigation is made of the fesiL3bilityv Of Utilii~ing
several physical effects to convert thervial energy (heat) directly into
mechanical pumping energy (flow work) in a device free of movinef parts.
ThI..e effects include capillarity, Osmosis, and theradl convection. In all
casas the energy inpur. is a flow of hedt .4nd the energy output is represented
ty a flow of fluid leaving the convertor 4t A~ higher pressure ..'n it enters.
T.s"~.3 .)"t0 undergone by the fluid after it letv4!'s t.nv ronvertor n~eed not.~
spoc.Ltled but in this study for t~he sake of un1fom'ty in ev.1l:Ain;' the
power output and efficiency V% Will in ~l .11e C433 tU:'e thA. hew fluld is
used to powtr 4 reversi.ble .. disabtic turbine. inc fli- ..!!I undergo a cjele
piassing from the convertor to t~he turbine and back to the convertor ~i~~
A,@e power output of the convertor will be the mech~Anicil power developed by
the turbine. 'ihe power input will, of course, be the heAt in~ut rate to the
convertor.

The energy convertor utilizing the effect of capillarity whilcb will be
studied -ere is shown~ schemetically in Pig.re 1-1. itar. evaporator ccrt.in!,
& bk&MI of n fine bare capillory tubes in paradiel each oft li.&r~wter a .te
subimergence A. Lot the pret~aure, and top# -rotor* in the conuen.-er no p 0 and
T where T Is t~he siaturation Leeprature ccrrespona~ing to p .It the liquid
Xlvv iin t~e evoporator is maintained the &uw as in the coramnsir, tte
pressure p' of the liquid in the capillaries just. below the l1,quid-vitor
interface is eiven by

where I& ilk the vi-Cotity oft ftile i~uld, the 609000 cltot,-rtionf*l Arqe
of the tube bank, v' the snpeclifi volume of thet 111old and &. tOw -a*'n fiow
arowtd the cycle. rM~ secoiw ter*S on the right accouati, for Uthk
pressure drop In Uwe c,+illary bank which will .todel.t~e Lt.- pwu.urw lo0.a.-
aniywhere *It* in the cycle. f pt*3&W'e 13% jWgi. UWt Ce.aquOva
Interfaca t ;iven by the capil~ary reletIoA

Ihnuecript reletass by the auUzre -tug, st 1106) for P"11i -A-140 as an A."
UeMcW~l inem *.tr? heport.



where ar is the su~rfdce Lension -it' Use iquia in the presence of the vap or.
Ehis equa1tion. 46WuMes a Zt!10 C0..L.. .gle between the menisru3 ainu the t~lbe
wall and consequently represents 4fn upper bound on the pressuire rise Across
the interfaice. The presaure aifferenco av~ildble to the turhin.c is '.hus

AP~ (P~m~ 4 AVf (1-3)

= 4

(1-4)

thv pressure Aavii.-ble to the turbine if there *At ao 1'- -tional pressure
i~rop in the capillArivs. Now, if the piressure difft,'rvnce is reasonably sm11
rtl;Ativ.a to p 0'-it can be rildited to the correspondine to~erature difference

t a by v~ 44ieyror~ eq.uavian.

witaer u is 1 - r , L the heat of vaplorization jr ~.fluid tt T itmd v" is
tthv SWcAifc 4olimlat ot0 h. v.por .t this tesor~turt. j.,kustion (1!2)) can now
be wriLen in a %ore ue4fftl forw as folle~wo

wherv (AP) I,% kof value of 4 errfos tiqataion (1-5) cormore~~ovirn to
k~figs. C o**er vtuL,.ut frrQ tht tturtine tormitten% Wa'e Us* smattionl
tr.t O top s,. -O1lotiv to P a' ~is '1 by

The !:Toe~~wt iteyuL rat# 1, tV' 'Ciq -4~rif.eaOf*C* kri the
ct e.*r I. Lel~nf svith sufticl.ent -smvsy by

wt*ro % Is fav. uversai cia-4tivity ot the WI.ai .Tefrs~t tes onth
rAnto accounts* for the hoak~bL i*a t.a 4ivwo tb ca~i11ary tubes

tt" g-W-6Ckv;.tY of the *.VPvs thmoviws. aaiyt. over-
*~t~iti..iIt,. .~-AA 1*as.i nir1wv Uve tlal &T is less %ui.n ('tý vvt Lm a
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error will turn out to b% unijort.nt. The seco-, term on the ri7nt ,vadu,•testhe hedt required to raise the lEquid from T to T .nd Lhen to vaporize it.It represents a slight underesti . b .n°wmouni 'hich is entirelynegligible.

The thermal efficiency of this convertor is uefined by

'7 7.(1-9)
which : - (1-61, 1-7, 1-8) can be written

C (ýT) 111

T o T4 (1-io ;
This equation has bten written in a •enernirde form which 4a Ue will sesC€n be pplied 0 a• l ol the convertor3 studiQU in t . soction. Theuar.LitY ir is A gen iaea coupling coefficient, ct.4je4g the t*chmnic~l .othe ttrsol efficts (in this c.. L ), Antd k and C art erulirea relisttnceam eonduct-nce coefficients, in ths cese eiven by the r.,loiniP tclustions

c. XAT.

Th# vtnivtes # k tan C will L.e on dkftrent, valwe for the dti,,'rqgtconvertors to be e•.ewd In this utlko ,)t the fr,-w 3r a4&.tt•n G-I j
will rvftin U. Sa..

.onsldring (athovu fixed. Ut. optiewo .1 P~., a! in LA.-P -%rva.1 ing the effic•tibew woris out to be

-c T.+ ! T-

with t tt.*r' of Cierit" gi*en by



(1-14)

which in this case becomes

;LcI--- :oLo C1 a

2 P A To V' 1' (1-15)

The correspoi•Ling m..rmmu efficiency is given by

r, I (1-16)

and is seen, of course, to be Carnot limited.

To obtain some idea as to the possible magnitude of the efficiency for this
capillary convertor, consider the following exa.iple using water at PO - 1 atm as
the working fluid with the following properties:

S0 -100% v, - l"3 m3/kgm g - 0.284 newton se2lm
o.o - ^.26 agajoules/kgm v" w 1.67 m3/kgm I - 0.686 watt/m0C

Equation (1-15) yields B - 1.3 x 1015 d2 with d in meters. Taking 1075 as the
smallest practical v.lue for d, 0 becomeb 1.3 x 105 a very large number. From
Equation (1-16) the maximum efficiency is seen to be ossentially (AT/Tc)=,., the
Cdrnnt value. In other words the dissipations associated with flow resistance
and heat conduction are negligible if tne flow is at or near the optimum value.
For this condition of near reversible conversion, Equatious (1-)•, (1-5) and
(1-16) can be combined to yield the approximate relation

) - L. (1-17)

For the example dati above anq a a value of 5C x l103 newton/m. ',.v works
out to be0 0.20 x lO newton/mA- (about 0.20 att.) and the corres.,.,,uixg ("I')Uax
to be 5.5 C. The thernal efficiency works out to be l.46A.

kecognizing that 0 J.s much greater than unity, Squdtion 8%-lj) for Liiv
optimum Ilow rata can be reduced to

S•" / ,),,T. "-

(1-18)

Illl lllll lll~i II!! Il 'iii N 4



which for thc data ahove and an f of 10-2 m yields , value of ',.061 kgm/M 2 nc
for the c;Aimumn flom, rate per unit oL,en cross-sectional are . of the capill ,ry
bank.

The results of this example and two others usinh' ulfferent working [hji',:

are sunurarized in Table 1-I.

Table 1-I. Comparison of Several Fluids

Fluid T P x 10-1 (,A,)x x 10- (,.fx"o

0a XR~ opt(UG) (newt./m 2 (newt,.'m<) ) (ow• (kgDV/.", 2 ,tc)

H2C 100 1.01 0.20u , 5. 1.48

NH3  20 8.60 U.084 0.3 0.11 U.Jit

Freon - 114 30 2.53 0.052 0.7 _.22 O.olIy

It would appear that water is the best of the three wcrkinr fluid! cca.-,:%r.-:
here, but it has one drawback reld .ive to the refrigerants, n'rnely, the very
low pressure which would be required if the convertor were to be operited it
near =tiýospheric temperature.

Although the pressure develo:p• ijy this device :s rather swali, it ct fn r
increased by connectinE a nurnier of them in series as shoi~n in Figure 1-2. The-
same flow pe ;ses througih each m.ember of "he seriý!- but th. totAl 1.ress-ir,! r:.--
is increased roughly by a factor eatui to the nunt.er of ztr. .-. f threp 't iri'
pump is shown in Figure 1-2. The relevant he-it !'lows ,arc inqii- ited witi, th-
first sutscript on q oesienating whether the &e;. is an i,,t.-t (i) or in ,l:t.!:,o
(o) arid the second subscript oesignAtin, the stare. ve no-e tnht theý h,.t.
rejected fron: the third stuee concenser cmn te use(i to ruf.ly t.r:e nf,c-:*:'Ary
heat inpu-, to the first stage evaporator. CUo natter how a.mny stAe.t UINhre Ar',
there nmust be two heat inputs of i.tagnituoe equml to the heit of v.,J rifition,
contrary to the convention-l v-:por power cycle case in %hich the we.L of
vaporization, contrary to the conventional varor power cycle ,-e-P in ,laich the
heal, of vaporization is 4nded only once. Mhus, rou,:hly spr.tkin•:, t0 .- * it.tnt.
of this power gerteratLr woald only be one-half tn:t of the convent'.-rnl v.,, r
power cycle (such as the Rdnkine cycle) with whicn it can.petes. ivwever, thi-
staged capillary power generator h-as one advant.ge t'ver the conventional v.,:c,'r
cycle machines in that it uoes not involve a pur.p with myoving part-. '. 0-,

uisaavanLtge, in addition to its hAlved efficiency, is the small arpount of :,Ir
it can aeliver (aue to itý. siall flow rate) unless a ,.ret. nfu•;ler of cipill .i"
are used.

is an example of staginp!, we5will consider water as the workin. fluid .. rd

again a capillary dilvieter of 10 at. For simplicity we will asstu.e L cornt.:nt
valu" of 5U x 1 3 rnewtonrm for the surface tension ind take T to be 300UG
(pO 0.04 x 10 ncwton/mn). ATe results of staging are rive.)ir. raile L-11.



Table 1-1l. Staged Pressures and Temperatures For Water

Po = O....... neut/m 2 , To 2: 300C

Pl = 0. 24 , T1 = 64

P2 - 0.44 T 2=T2  78

P3 = 0. 6 4 , T3  88

p4 = 0.84 , TA 95
P5 = 1.0 4 ,T 5 =01

T?-us in five stages the pressure is increaseQ almost 3 %At-m. The work
c..Aioi irom the turoine is equAl to the isentropic enthalpy 1-op throiu'h it
which, works out to be 197 Btu/lb, The heat inputs to Ln6 fourth and fifth
evaporators work out to be 9ý') and 98U Btu/lb. respectively. ire thermal
efficiency is thus 10%. Th.s efficiency figure neriect,,- the dissipations in
each stage due to viscous friction and heat conduction waiich as we have seen
is vwlio only if the flow rate is optimum. Since taie flow cannot be optimum
in all stages this efficiency will be somewhat high. For a Rankine cycle
operating oetween the same pressures the work output would be the same but the
hedt input wola be 1098 Btu/lb. (ggeater than 980 since heat would now be
auded from 30 C rather than from 95 C), yieldini" -a efficiency of about 18%.

a stigeu capillaoy pump operating on Freon - "4 was developed by the Jet
1ýropulsion Ltboratory for pressurizing gas bearings. Instead of capillary
banks t.,ey used 12 inch long glass tubes of 3/8 inch ID, compactly filled with
u.W05 inch b glass fibers. They present experimental e:iAence to prove that
the dev'ice actually does pump.

1-3 Q0asis

The enerry convertor utilizing the effect of osmosis whir. will be
studieu htre is sYown schemttieally in Figure 1-3. The evaporator contains at
it- bise a amnebrane of thickness t permeable to the solvwnt but iot the solute
in & dilute soluticn. For exaxple, the solvent mit:ht be wAtor .ri the solute
suCar. the 4olutlon is confineo to the liquid spAce above thiv manobrtr in the
ev~poritor. 'Ahe fluid everywhere else is pure solvent. Agtin let the pressure
Anu tempertture in the condenser be p "nd T.. In the evaporator the pressure
exceeos that in the conaens-r hy the 8 3sat ^.'pressure less thz ,.. drop
through the membrAne oue to fnow. fhus Equation (1-3) applien here .s well
with t repl cinr I Ano d now -%n effectiv- pore cicmeter, and where now

(' )".- C A T.(1 )

tno ovmotic p.rss.are in cilute solutions. Il Equation (,-19), e is the Mol-rity
or the s8 lutton (t.' solut.-!liter solu.ion), k is the &., const.nt (J)l4 jo'ile/
,'. mnle it) Arid f is the t',,i.frat,4r of the aaabrAne. It we cotfine ourielvas
to reisont.ly -m..Al oý:s2tic p.re.4ures rwL,,tve to p0 (%hich follows from 1i.e

6



diLute solution assumption), 6p c~n again be relateo to the corresponaon. t:T
by the U.peyron equation (1-5) s, •.- i. c 1u1tion (1-6) follows As before.
Continuing to parallel the previous uewvkopment we see that ývjl,'tion (1-7) tir
the power output, (1-8) for the heat input rAte to the liquid-vwpor Interface
in the evapordtor (1-9) for the thermal efficiency, (1-10), (1.1.) and (1-12)
are valid for this convertoi, AIso except that t replAces A in &juation (i-ii)
"for the resistance coefficient. Che figure of merit fur this osmoti.c cnnvertor
now becomes

L 0
2 PX T.

.l.ffering from the result for che cdpillary convertor ny t.:.? factor (4/t

Consiaerin. a:-.in p to be 1 4a m..ana taKinv w.ter As the solvent,
Epuaaion (1-20) yielns do- 1.3 x 10 da'/t. ihis tizo, however, d is much
smller than oefoi e. A typic.l semii-iermenable tiembrdne suitable for A suclose-
water solution is cellophdne co~teuwith copper ferrocytnide (Cu2Fe (LN)").
D.ta on this membrane %re uvll ble . From these ( I it cn be shk'w tkt the
effective d b~sea on takine' A to be the tota:l su~1 .ct ...rea of thia membr.%n4 andi
not just the "open" area, is on the order of lu m. Lakin- L/t to be 10', B
works out 'o be Lbout 1.3 •nd tne corr,_tsjunoain,, uximua. eificlency to te about
20] of (Larnot. Due to this very smnlt 8 value the optiu,- flow rat.- wouild
corresponain,ly be very sa.sl relative to thF tapillary con.-rtor. Thus It
appears that the osootic convertor Is t-re. y inferior to Lhe calillary device
in regards to efficiency Ano flow rate. The :nly advant;'e the oviotic device
has over tho capillary convertor is its ýcility to ou*v-Aol suhrtnti l 1'rensuren
in A single 3t-.e. ?or exaiple I (up) of I atm. cn be eveofoped with a
concentr~ition of only 0.03 em 0,010/1itw.

1-4 fL cOnvection

The phenomenon of rree or n.tur&1 convection is wiuely utillV,-I (C'o
exAmple, in steaL 1ener~tors) to promote natural flow circultLi4n in lilquijds.
uur intention here is to determine the fe ibilit, of usinr thiN ph-nomenon to
pump liquids. The convertor t,# be studieu is sbetCh"o in Fi'ur- 1-4. The
tanx on. the left is v-intainsd At a higher temperature (UI) than tht on" on the
right (T ;. By free convection th. liqiuio will t..:rtlat,. clokwis. A ?.y,"i'iic
turbine h connectneo As shown to make us• iw the pressure oiifferential And I "t..
between the upper And lower downcomer tanKs. The riser tonk is connected to
the two cowneonmer t kn~s by horizont~al tuben of uianieter a ind leneth A sep.&.Ur~tl
by a verticAl oist.•nc, H. Abe uiAeeter of the tAnAS is much rtuster thaf I
tnat the uominAnt frictional pressure drop will occur in the tuues. There e.i
also be neat transfer tby connuction through these tubes fr.kw the riser tank to
the downcoiar tan~u.

Gonsiatring l4ainar fiow in the tuts zinrq this will involve tUe least
friction, the pro o.r- differential ov il.,ole to tne turaine is

7



tap-a)

where v and v are the specific volumes of the liquid at T -, id T
respectively, g is the accelcration of gravity, and ainA i's takin to be
the cross-sectional area of the tube (or tubes if _L b~jk 0of connuits in
pLraLilel is used). The second term on the right accounts as before for the
friction4l pressure drop in the tubes, the fa~ctor 6J. a result of accounting
s~ixultunaelusly for the upper and lower tubes. The specific volume difference
c~n con~veniently be expressed in terms of thie exp~dnsivity 9 of the fluid as

V ai TT. T.(1-22)

so tha&t k4.%.ition (1-21) can be written

:) ~ ~ -4A I n 6 '
4' A (-~

%hare, of course, U.T T 1 T 0

Mhe necessury heait exchAnges are as i'ndictited in the iiure. The heat
fluxes q' And q" dre equsal in mAgnitudes v~4d if ue -ssums a rstvener.~or of
effectiveness r operatinZ between these conduitte, the input hoot q' in given
by

where c is the mjpwc.fic keiat of the fluid. The heat flu~x qj lit -cess.iry Nodei
thouv~h the temperituie roamsin: consassnt. in tite risvir tank~ d&e 6v conduction
Lhruu.,h thte tubses ..n the faet tnat thu enthtdpy i! thu fluli ehkn:e3 with
prostiure. It. :&n be 3hown th.*¶.

e HT, m +2X AT

where tho fir-of term~ accounts r.,r thet enthiajy ci.4,iC* with r?.,e t'
stconu tftru. .. coaints for cowl~i-, ton.

IF, for thot tim~e beift&, u-' !ta~tum 1.1 ft rý' onetrtor a..'v ý-i i &PL:%', to t.

p- r:'v: tly -Vvrctivv (e - 1), LAie to"Ia rot i-irt,- tt,, in; ut ro.&ý % 1. 1 itrut t
Wifcienty becewin



(1-26)

which by bqudtions (1-23) dnd (1-25) can be written in the geaerclized form of
Equation (i-ia)

cT
T +)

where, in this case,

= ý H(: T (-

The efficiency 13 agAin Civmn by ILuttion (1-16)

+7-
where row

10-

od~eNt



Table 1-.IIl. Properties of Water and Mercury

water merc~ury

expi&nsivity (OK-l) 0.20 x 103 0.19 x l0-3

nensity (KJDV'rn 3) 103 13 x, 10

viscosit~y (newt sec/rn ) 10- 1.5 x 103

tlvro"I1 c-)-ldiictivity (witt/m0 K) 0.6 8.0

high tet~ir~iture (0.) 373 450

Alow taiji~rý&t~urs.- (or) 273 300

"~he I . in..,n exqr~rtibions for 0 Are

* 18,?UO Ird'ý for w~iter

7 - 88,000 I~d 2 for mercury

e.,Pecteu) ~anu~4~ 1,r ' e tuue b1irneter. 'rite tube uI ireter, howtver, is
ljz~tqd toj vU.' r wnich the flow vill be lat'.inir. flhe filow in the L -iý -

will iui, I t.. ir nly i!' tnft &ieynoNi n-.wber is i- ror~ri-tto1y sm~All. rh e
4ýey"nos -i ri :wii-.eii Oy he - Md/AjA An will r e its Fpre.te~t, v~lue when
mi hst :.t! *.r-.atott v-sue. Froat &.ju.tion kl-ý3) wt * ýe tha~t the ftximw fa
e'orro',;"r~i t.ýo voniins* j. res'ure i~if!treft.?ind t tjz. ii riven by

OM- )..4 H JA 6T

One c Aqrvokcei n'w.v~tr w.hich i~ nnw really~ reh~ nurhor becomes

3r 3 x 10 V Nd3/1 (4r %,atzr
Or '3.6 x UP MW')/A for ametUry

in ttie int~t-o"t 4 e) ouf ~ ic. ts we ill arbitw~ilv set. H &w~ A
94uo to I aeltqr. L*Lettin u *lual 10O* a for u.iter end 2 x 10-' a for mercury
the 1ausisir -.t~xrm becooe 300(,, ani, 2MN t~espeetively tip will assume Lhft at.
thu.,v or ..va ~Aur!!-ýr. iI. flou In U tu~bos it, stllR iýýInr 4~ut just. bartly

'or o~. rtnc'~A~n.It tjjvr tU.efi Uh.t very small Lube' arm
."cssr w~i~tt, -tiI it- Lube b ioci it ww,~~rI.s-Aot of flow is tv



llie fjioures of mecrit t'".,r !Ai-:-. vIero.-.ons trt: . f,.r ý .ter rlý 0.752 for

.uno 4.6.S for merc,.ry. LnJfoctt.~,: ~ .r- m d a -~i" tý.ey
dare b..&eu on tlie re_-eric-rA,.r P''. '' r~ a;(tI. t~i
even sii.,±J aeviution¶ frc:. i," I 5' *'r,:.t ic re'i t't r rr:
efficiency. For exampl'.e, tvo' lf-, -is j-U ttz 'it ttrnl c r: l
Qoazdn~tes the q, ternr. Ln% the t~z.-r-il cj - .cs r m

E ('-e~)

whicn from fiqu'atio., (1-23~) nel-leactir:.:: friCtiOr. -:- ir,'Ay' IT-~ to,

.kow, the s~.ecific ht~tS Of w~ter .Y-C mrc..ry Art- .m. 10n .ijo-Ae/k-niOK
rwsuctively, resultiat, in efficiencies of ro.jhly 5 x 110" An lQ 3rtsj ectivtly
for an e of 0.99.

th~.us it. dpj$e*az thAt 1',=.imn cy tha r-rnoimi. or rawv e'-t isnj
cos1lte17 impracticol frma. in effici-ney !,A ct* viow An cot..24 or-ly t)VCO-Lj
jr~acttcsI if &a* form. of artifici.1 $'rvity of Very hil-h 01r.~ ~ Y, VIt, j
aeerv availAble. Tht conclAslon w&Le. raL;;*ct to ýtSpini- b)at~ t3 hif.O
i a the .4

1-5 roncME129A

it. to our t..31n. UiAt.L or thaw tnre. offecto cojngIerv in i~
Onily or*, thec cap1llar~ty convotrtars ia uorthU furtr.or consloet oliw %,%, h.'..

li*.* to *xtand our tbe,,ietica analy-isk or tPhlta devicl a-4a to uratoci aea on
expr~ipnenal inve*sU.d.Liv of it.
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homenclature

A -open cross-section~al area in'- bx fu'

c - olirity of solution, gm sol..te/liter solution

c = pecific heat of fluia, j,:ule/'kv0 K

C - theru..± conductance of fluid, joule/sec

d -' tube cii~eter, m

t cfectivaness of rejgener~tor

g - c~celeration of gravity, /e2

Gr - Grgaihoff number

H - heig~ht of riser tiirA, m

A - lendth of tubes or uopth of solution, m

L. - ihe.t oV' v~poriz~tion of fluid, joule/kMz

M Mies (lvw rdte, kcm/uec

nI nu)tr of 1.0es in t~ube bonk

p *fluid pressure, newL/M5

P powe out.j t of turbine, ioule/s~c

q - eiLfl-4 rdte, 4nulwluec

R v1isccus rvi,A.~nc* of flt'i.j, iJ -,'c, al

hte MYQ4 a".'wiiw lve

t hicAAl.Is if oxcrata~*,

socM ,,ectf.. w~ of flAid.0, k~

-co0411T.1 tlýQ~r, 4 -6I~jk0

*-ri -4r ofr a~arkt of c.o-*nror



-thevrnA eff'cincy Of crvr~

= t~herizal conmuctivity of fluid, wt/

-viscosity of fluid, newt soci'3

= surVdce tension of liquid, nevt/Vn
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Section 2

THrWL.ECfh.&L-x. . JGMEO~TIC PWPING

2-1 Introd.uction

By maintaining the junctions Of A circuit mAde %;p of two didss•miLir
materials at different temperatures, a current is caused te. fire in the
eircuit by the thermoelectric effect. In a recent publication htx proposed
using this etter% to pump liquid metals hdromgneti.cally. In his proposal,
the walls of a channel of rectangular cross-section .-onstitute on.e leg of a
thermointtric ctrzuit and the liquid flowing in tha ch'virnl "h, other. TWC,

F.pc2:.'. i w.lls of the channel are i-nulated from the fi,:L.W while the ot"er two
walls are not. If one of these latter two walls is i•'•ted and the -'-ther
cooled, a thermoelectric currAt is generated which woud .ass through the
fluid across the channel between the heated• and the cooled wells. If now a
magnetic field is impressed across the channel between the insulated walls, it
will interact wiý.h the thermoelectric current to produce a Lorents body force
on the fluid airecteq along the :Jhw l. Thus, a thermoelectrically powered
hýmraagnetlc yw* his buin constructed. This pump differs from conventional
hydroaaa.;ntic pumps in thAt the current is obtAin.' from a thermoelectric
circuit compos*4 of tAt channel walls and the flu. , eng puapJ rather than
from en external power supply. The energy input Is thus themal rather than
electricAl. It Is obvlodis roa the brief descript•ion gven above thaL the
mrit " oi ucn a pubp will t i dgoatly Jepwndamt on. Uw .'terials selected for
its constructivu and on the ilaWd %hich is pumped. no jar;*,'rftnce of Rex's
pump "e particularly poor because he slered Iron for the ptmp walls. In
*asition to le1ding the magnetic lines of forte *r~4 the fluid wn thus
diainieshin4 the irents force to a negligible Wvlue, iron has a very mall
Seeotak coefficient. the low Seebeck coefficient will preduce sult current
further reauclteg tate p~'as output.

s •will exted ?U's w.k L6 deriving &en *ApeesIo for pum rrficienY
which he aid not do, aw by aptiaaintW pom geometry. FwAteruore we ••ill

Mow the importace of mater ial aelection m ~ performvene by .vnside.rld
both •eteal end saicoauating wells.

~24 D1 af&AzAa 9L IM a i
VIgu e-1 Vlows a schematic of a hkydromma tic UNp. f" te smen•.

asam that Ut. traturgese clectric curran, ,a rlAie4 by an exterrml ttrritt
osnae, Ibe Lan M~vee mawajtic field Is In •t "y direction end the electric
currert It in the a diretion. Flew iL In t direction,. In our eAtlysie of
Ute •rem~ewc s sw em the tfliowingi

(1) TWe Hal effect 1. negligible.
(2) nare Is no frictilal pressew 4rop in the pop.
(3) e herl-ontal walls of the p~ep channol are electrically conduetln
,.a) Ibe law,.' vertical walls of the pum channel ene ekee'rcally

inel~at.



We now write Ohm's law for a conducting fluid in a magnetic field as

and the electric current may be expressed in terms of the current density as

Ik (2-2)

while the electric field is given by

E#1 (2-3)

The volume rate of flow through the pump is simply the velocity times the
cross sectional area

S(2-4)

Combining F~qutions (2-.), (2-2), (2-3) wd (2-4) we obtain an expression for
the elect~ic current where we have repltced the cnnd•ctivity with its reciprocal,
the resistivity

r- (2-5)

which may be rearranged in fNvor of the volt4ge to yield

(2-6;

where Rt - hP /(Lw) the electrictl resistance of the fluid.
"• my WAow write the force eq. tion which bAldnces the pressure r. * " unit
length in the pump Against the iorents force As

or P/I ý1 0=0

o ='13- ( , L
(2-7)

Lot us now consider the tAeraoelee.ritc.•L- po~erea h4rm4netic pu.p,
oe replace the b.,.tery with a heAt so ,ce tIong the bottom of the cO.nrel and

J8



a heat sink along the top. The thermoelectric current now passee through the
fluid and the walls as is shown - giure 2-2. We mike twu further assumptions:

(5) The Peltier heat is negligible.
(6) The Joule heat generated in both the walls 4nid the fluid is dissipated

to the atmosphere.

The voltage impressed on the fluid by the thermoelectric effect Is the Seebeck
voltage minus the voltage drop in the walls, thus

LV-- c LT - I R.

where the wall resistAAnce is R U- hO/(2tA). The hzi. transfa. .¢cross the
device is U

where a is the thermal conruct.nce of the fluid p1as the thermel conductance
of the walls. The flidd thersAl conduct.&nce is t I \XwA/h ind the wall
therm l conductance is X - X 02ti/h.

the tolttge across tLaw fluid rejuired by the hycaaxgnetic effect
(hquation 2-6) in the fluid must b)Atch the voltage duu to t.he thermoelectric
effect (Squttion 2-8), thus

-, -t 4 ) Q o' T- R

or in tere* of th ý.urrent

Where h 0 ~f~ we D~AY n,. substitute hqt~tion (I-lU) into t-sta (1-7)

ti,. puih kowea" output, is the product of the prissure rise and the
vpI-, T flo. rate, thus

19A

S. .. .. .... .. . . . i i ii R



wie ny now find the flow rate th.t mdximizes the power output by taking the
derivtive of k4u4tion (2-12) wia .... ct to 4 and setting It equal to zer-
to obtain

4 .T f (2-13)

Upon substituting kqu.t.ion (2-13) into &lu~ation (2-.2) we obtain t:ie n.ximum
pun4 .ing po*pr f.r . given vtlue of k

(,--T)
""V. (2-14)

%na the cocresponuin• thera~l effici-incy is obtoineo t# combining Equation
(2-14) and kqu-tiol (2-9)

P..O o4' , AT

4R K (2-15)

Zhis is t.1e mom result that is obtined for a thersot*L-tric generAtor
operating at wuxAii. power. this is to be expiectoo ts the hyorwQgnotic ptrt
of Lna pump aods no u44itionl uisspatiwo end we hava neglecten friction.
a. a•y further incrvAse tne thernl efficiency by rAking the PA product as
s"1 As possible. .e form the M product 4s follows:

(..-Ib'

•w Loae tae qernv tive of It with rearuect to (4../h) a&.J set the result equad
tu zero to obtein

(R*o that

( ) - (.')*, (2 , •<-18,



We may now find the optiAuc. vdlues for the electric4l resistlnce dnd

thernil conauctanco by stýrtl: tI t"heir definitions

R , (I t-•..

ann then suistituting the definitions for R, K , - Id K * The optimum
vwIue of (2t/w) cnr. t•hen be pluceu in the risu1eb ta 3 obt.Ai

-* j),(, .. ,,.~e! ,, (2-19)

.Lnd

(2-20)

The, u-Lam efficiency uy now b6 found by substitut.,.ng the minimun, v lue fc.-
the luý product in the efficiency expression for muimtm pumping power

Min f77 (2-21)

The shut-ol• ur sero flow pressur rse c¢n be found by tHývLig Q a 0
in iwjttion (.-l.•j to oot-in

B.L. AT
-AT,r _ý (•..,o2)

an the bhort circuit or sero p'ressure rise flow cn be found by ee'.tine

up - 0 iln qitiof (k-lL)

(Q)T (2-23)( '- .. • .... -•

Th4 1.ressure rise th.t is obt•ined .&. awxiaa efficiency s obtained by
settlfl it - h In hquatiof (2-:2) as defined by Equation (2-19).

"so note Uvt4 the pressure rise is *..neAwrly GepeenL on 8 whilo %,h, flow
rNte is invervoly .. tq -lent. Th.:us the MWa.a.MS pUin poela ond hence

a1



efficiency is independent of B un-er our assumptions. We further note that
optimum pressure rise for maximu pu.- utput is one-half the sero flow
pressure rise while the optimum flow rate is one-half the zero pressure rise
flow rate.

2 -3 1 t+lW l P

For our first exaple we choose a pump that usos walls made of constantan
(60 Cu, 40 Ni) which ip used to pump sodium. WO assume a temperature difference
of 300%C (lO'•C to 400-C). The corstantr' has the following properties
evalua., at the aver,*e temperiture 250 C1

a 0 -.6 x 104 voltej'oC
4 x 10-6 ohm--cm

-o 0.27 watts ci-"-°K-1

Thi8 yields a thermoelectric fi.ure of mrit ( 2 /IU) of 3.0 x l0-4 (o0)- at
250 C.

The sodium is assumed to have the following , :ertiess

Co negligible

OL 10 X 10-6 ohm-cm
X, 0.83 '.r4teCi'. o~

For our piup geamtry and magnetic flux density we asesm the following

w - 1m
h 3h= cm

8-3 Wiastuse

Tor 40 as~f properties the pum has an optimum rosistartA of
13.2 x 10 ohms and an optimum thermal conductance of 3.05 w.at, 1.
those values we fiawa a sera flow pressure rise a' 0.40 .asmoephoer (5.11 Poi)
wo a s"rO pressure rise flow of 0.6 liters/ee (1.27 ft /ain). 71 maxaa
ptping power is 6.2 watte arw the energy supplied is 91$ watts. ".im theiwel
.fiaieoucy for this device Is u.67 per cent. The opistom all WicLneso, %.
is 1.8. as (-.72 Inches). This pup re .r•,nts at iaset a 5. p;r eoat lao,-v
sent in performante wover the one proposed by Rex.

2-4. ha~aai"b

Considerable i~mpvesitnt in pamp perforomince can be u~4e by choosing a
materal& with even better therwoelectrii properties then -oowt"ao . Those
ee.icanductors which have rCumd ajwliaiton in power jeneratioa appear to &-
the east likely andidates to contribut^ to wri efficient vv . A materisl
which aps&ears pv -a Ji In this respver. Is the terneary compowa Agat& ; which

2I



has been examined by Rosi, Mockings *nd Linelenblad 3 . Using the same tem~perature
difference as in the metal w.Lll case ti .eri.Ll hAs the following average
properties.

a0- 2404 x 16-6 volts/oC

9 0 4.5 x -3~ ohmr-cm

-o 7.1 x 1O-3 watts-cm lo- K

YjA gives a therwa~lectric figure of merit (&R/AD) of 1.8 x 10O- (OhK-l at
250 C.

Using taiti &&m geometry, magnetic flux density and propert i e for t.he sodium
we may now calculate the psrforwAnce of this pimM. We begiA by c.2lneting
the optioni wall1 thickness to chpanel width ratio. In this -*beta iL is

=23 0

which is a completely unrealistic answer. This woul' e~ r a wall thickness
of 115 cm on edach side of ai I cm channell Neverthesless If we could build
such Apumnp,we wouldfind a ut off pressurq of 1.22 *at (IS psi) and tazero
pressure ris flow of 7. liters/se" (15. 2 ttV/sin). Th% thermal efficiency
is 5.69 per cent. We exadmi the effect of wall thcknebs tea. shut off pressure,
pumping power and thermal efficiency in Figwr 2-3. ýhe note U&.t performance
becomes particularly poor wbon vall thickness drops dourn to a centimeter or
so. It I*interestigtonote that ifwe m akethe wall* 1.04 amthick which
Is the ,am thickness ait was found to be option In the constantan case, the
semiconductor pump is less efficient aMd has a lower shut offt pressure.
Upgrdless of waLL thickness, however, the flow rate is groitly imp xved by
going to a eesicoMncttet wall, In !act it Improves In~ our example nearly 1I0
per ,*nt. Lower (2t/w)s ratios would be obtained if the tluid a&d th- pomp
wall material aid not have such disparate properties. Thit situ&W.
exist, for example, it we were to consider the puming of liquid u ~outr
sobh as molten sIet..

as in the caie of the thermoelec? At generator the pusp efficiency k4. A.
direetly related to the overall figure or werit of the f~lud-wall cambination.

2-5 ig"

Pump performeseft is Improved considerably by choosing wsteria".s with
hI$ ndexes of perft nanect such a. a metal Wibe coaetteitan or a seicooudactor.

mien the flikid, properties are groatly different from the ocaU 2yoparties then
warealiste values for the option. wall thickesoes to thamc~l width ratio are
obtained. Wei type of pump mi"t tiM application in a situation whare coan-
tamlbatioa of the pump or the fluid meat be avoided and whters large heat flumes
are eeoomisdeally cmi 'ible sucsh as ar"Aw auslnar reatore. Deccuse It has no
inoving parts, it wa. a weys be avuilabli for puppimg the heat trn~f-tid
in ease of a recA~r emergeftc).

23
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N&zenclature

B - magnetic flux density, g..

A - electric field, volts/ca

h - pimp chAnnel height, cm

I - electric current, amps

j - electric current density, mWs/ca 2

X - tzerma- conductance, watts/deg C

-- pump chAnnel length, m

p _ pressure, dynes/ca2

P - pumping power, watts

q - heat transter, watts

Q - flow rate, litera/eli

R - electrical resistace, otm

t - @hw'.el v&l thickness, as

T - te"perature, dog C

S- fluid velocityr, W•6e e

V - voltage

w - pUSp chatm.01 width, om

x - cooruin&ta i. the direction ot fluid flow

Y - CaOni'U IeW In direction Of SWOUG fild

a - coordinate iL diwrectom of eleetrie current flow

a - SeUh~k e0zoieMAt, "lte/deg C

um*a of taciemaS- thetnl erlc.%lenqr

- Lbetmal eonductivity, wattasm-4we C

* - electric*, d vistivity. oND-em

-- elctr'cAl •ooductIlt, (erm-")"
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Section 3

m UO~i•.&, EMUhGr CONVERSION

3-1 Int-oductLn

iben an electric field is impressed on a fluid electrolyte In a fine
capillary tabe AMd no flow is permitted, a pressur-. differential .,ppears between
the ends of the tube. Conversely, when a pressure gradient is impressed on
the fluid -.an. r.a electrical current is permitted, an electrical potental
difference appears. These are the so-call~d electrokitatic effr .* first
studiau in any 4eail by Helaholta in 1879 . In the. riret of theme effects if
V17- .j draitted, a conversion of electrical into pu~ing porc can occur and
in t.4e second if current is pe-aiLted, the reverse c€nveirAin of pupinge into
elecLrical power can occur. oe are interested in thi ti•a:.4dynaices of these
esergy conversions.

The electrokinetic effects are believed to be brought abut by the mechanim
of selective ion absorption on ne tube wall leaving a net charge density i•i
the ualk fluid. The electric field acting on thia not aharge develops a body
force bhch acts counLer to the pressure force. L is mechanima the applied
#olt.e minduces" a pressure aifferential in the jamplt74 so" and the applied
pressure *induces' A voltage oifferentiAl in the generation made.

It i. the purpose of t We section to pre"et an aw..j,,s of eleotroakintic
energy conversion to establish the feasibility of opesntiN• %evicas on this
principle to either pup fluids or generat. esectrioam p•oer.

A scheMAUC of t" eletrokinatlc entlru eoonve r to be studied (in
steady-state operUi..aj in this section is shown in PFige ?-l. It is shown
oeverti electric-l power to pwo•i% power (the POVeg mae). .ver".
conversion (teration aede) will be coeswI6e later.

I n tube brak rons.ts of n paraodel fle pat at epiAJ r * tbes o * length
£ an inside radius r , iro•a electrodes are placed at either ,• e' .1.. the

bank and connected "a~rnaily t.. a power supp)y (perhap, a d.o. gerwr~tr as
show") which 6aintaieis a higher voltage en the zAft el.ectrode 1,K,9 on the *t
In the reverse conver•&on, of course, iA*he :-tft. would act as a P f'r
Fluid flows through the tube bant fram left to ri~t at a vlme flow rat* vs
leaving *t a higer pressure than it sets•.

Let the eelatkm" I*, a•verption Wchaclem et#tabl a ohme d•esity P
vituin th tubes 4a1 of which are a&ssmd to behave 14MtieLO. U& O.rp
density vil) be a tunction of r the r&41a) positioni withi 'At Individual tbes.
It the atbe wells rmove stre etatlve Los thLb peitIvo, the charge density
v11- t4 pasitive amn *ice vet*4.

it lA.m.lAatr ft,. is assumd In U "e h eem (to be ve•entld ater). the

rousediw m Net' .uation ".t. be seti- led

:9



d x (3-1)

whore x is the -xial position In tLe tube (masured from the left end of the
tube bank), r the radial position, p the fluid pressure, I the electric field,
it the fluid viscosity, and u the fluid velocity in the x direction.

'Lme c,•rqe density is related to the electrical potential 9 in Lhe fluid
by Poisson's equatuon

where Is the peruittivity of the fluid. It t is ssumd independeut of x,
then 9 mast be of the form

which tUpmlt.e a lizuz variation of P9 with x but does not restrict its r
vArlAton . Squatie (3-2) now yields

P m- 6-r#. ifr ) ®r~
Us electrie field is given by

Sbosttims tna tieeis 0-4) ead (3-5) Late 4"U04io (31) %ýiee emi~ts

Z r9 aefige bqatka (3-aal. ) amUe, wth felimst, to eo uima~ete senstast t i

-~-(pL2 -d 'jXi (3-7)



Integrating -ag&in with respect to r there results

(3-8)

'he if~tegratiOn constant C cAn be evaluated from the condition that the
velocity on the wall is SOW Thus

qA4 d~ x*9

where 9o is the value Of 9 on the tube wall.

The flow rate thromg the tube bank is fourd by integrating Iquation
(3-9) Accord.ing to the definition

(•-io)

There reeumt,

IVi 2 It W )

3ince v ast be Inde.taer.t cf x k co€ntinuitay it is ew~ent that

dp A!r

(3-12)

laeee¶IeU &**Uic 0-12i into Aq ition (3-11) .1W rearmntl we *L-t...

a r.&A

where A is tve toal troo-sLi@Umt l ar* #rr2 a lt ble %4 the .3ow.
iquation (3-13) LoM1 At that the "rmwr. rsoe Uwrosgh the alectrAi--•.ir
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converter is equal to the pressure "induced" by the applied voltage less the
pressure drop due to viscous -. !ý'Ior in the tube bank.

We now need to relate the current to the same two variables, AiP and v.
The following form, expressing the fact that the current i.: the sum of a con-
duction and a convectior conjxonent, is appropriat~e

Z = C 9 v (3-14)

whiire C is the electrical conductance of the flui.tJ (measure'u, r-f course, under
~j1~~onsof zero flow) given by

with a the electrical conductivity of the bulk fluid and a the sUrf-Ice COA-
ductivity of the tub2 walls. The factor & can l e found Aot directly from
tho Onsager relation

P

(3-16)

which from SquAtione (3-13) and (3-14) Implies that

rS
2. (3.17)

This result can also be obtained from the analysis thus far pr. -trO~ft int this
section by observing thast twod current curresponding to 49 -0 mi purtl~y c~on-
vection (no conduction) and consequently can be Pxpreased by

"i.r

where P is given bY &uAation (3-4,) and Qa by the fi~rst term of h4uation (3-9).
(iiarrying out the requ~ired integration loads W~ an *Virusaion for i which,
when divided by the foltin flow rate corresponding to 09 -0 yields the sone
result as vxprý:,ae4 by Squatt~on (3-1-1).
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Recapitulating the results to this point, the electrokinetic convertor
operating in the pumping mode is governed by the following equations

L =C'• •2PP 16 C?(3-13)

whero

el/l

Y., (3-19)

and o ind C are As defined by Equations (3-17) And (3-1.) r-o,.ctively.

3-3 Tb __nerton Nod

In the pumping mode considered above, through th- tube bank the pressure
increases in the direction of fluid flow and the vol '... decreases in the
direction of the current. In the generation mode to be emaidered now, if the
flow is naintained in the swe airection as in the pumint mode the pressure
will decrej.-q rather than increase ond iV the current is L-intained in the same
direction as in the puiping mode the pressure will decrws 4 .Other than increase
and if the current is WAintainec in the sad direction the volt.;ge will increase
"rather thon decrease. If we redefine Ap aWd4 •as this pressure drop and
volt4ge rise respectively, iquations (3-13) and (3-14) as aplPied to the
gener'.iAon mode in this new notation becom

or, as roarrwnge to intrchAngte inputs and outpuLts

ar(1(/)p) L/ (3-22)

II
---- - .p

T- # '%3-23)



where

R C (3-24)

and 0, R, and C are as defined previously. Equations (3-22) 4nd (3-23) con-
stitute the governing equations for the electrokinetic convertor in the
generAtion mode.

3-4 .3_i•p ed Equations

The coefficient of Ap in 3quation (3-22) is rv.ognized as the so-called
streaiing potential S. It. classical value, as implied by Hesz.-i.olts, is
given by

•C(- •o)
-oo 4U . (3-25)

(t will ba negative for a positive charge dom j'.y) which eperimsnts3 have
shwni to be vAlid in capillaries of radii dow., 0 about 10 a. Finer tubes
would be all but isossible to obtain anymy.

iquation (3-25) can be derivedc fros tho theory 'n this section as follows.
First, if we itssme that f is very nearly sera everywhrie but quite near the
tube -all, Sbution (3-17) inplies te

P E(- )
,4 r (3-26)

Nixt, it we ne[jleot the contribution of surface conductance te C (as a can-
sequience of rt, bving not too mall), Squationa (3-25), (3-15:, -m (0-19)
inserted into oquou•on (-24) results in

'0 or Y. t (3-27)

Finally, if we &ssawe that 0 is much i*31 than unity (this will be "o . "
later), the st.reaimin potential bcomoes 8/9 wkh from Equation. (0 6) #
(3-27) is the .am as the value given by Equation (3-25). We will consider
that the vtlid.tlon afforded Equation (3-25) by experiments Justifies the
assuaptions in the derivations with f•llow.

kquAtiens (3-22) .nd (3-23), wi Ich govern tho ge,,eration mode, now bocome
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it (3-29)R

The flow rate, according to these equations, for a fixed bp has :.!s minimum
value when i - 0 and its maximum whtn 9p - 0. The ratio of maxiznum to
minimum v is readily shown to be 1 + 0. Thus, by our a6ssmption that 0 is
much le-8s than unity, the flow rate is essentially independent of the current,
and Equation (3-29) reduced to

VJ~ (3-30)

By a si=lm r argument the current 4 n the pumping mode is evarntially Liaependent
of the flow, and Equation (3-14) -:educes to

S= C . P O(-31)

The final form of the equations governini the opt .ion of the electro-
kinetic convertor will now be suemarized.

The pumping modes

The generation =del

A K
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3-5 Gon~vertor O&Umrtg CbrActerigtics

In the pumping mode, COrksi.-'- g tho applied voltage fixed, the f'lUowiaig

pump characteristics are evident.

zeor-flow pressures J? 4

s,31ra-pwessure flow: A .( k

Wou to the linearity of Vto~ pressure versus flow rvL-i.ivnskdp, the maxinmum
pumping power occurs when the presasure is one h..if Lnt uoro-f low pressure
(and consequently the flow is one half the zero-pa-essure flow).

audi puming power: z7 aT YJ

'Me 4 &xinum pumping efficiency ib the mwanum put4i'g power divided by the
product of voltAge and current.

MA.MI Pumping efficienCY: .

In the generation mode, considerinrg the applied pretsure rixed, the
following generator charact~eristics are eviden~t.

neom-ourrent, wtaget

tow vovlt.,Age currtnt:

and by argioents similar to those kdv~nced for the p..ping mode



maxcimum generating p~ower: A 0

mwximum generating efficiency: -

It in nmitworthy t~hat. t~he maximum pump efficiency is identical to the iidum
genera~tor efficiency.

3-6 jamriL. fwulp

To ubt.Lin numericigl v,11u03 for thd pump and generator rharaeterltAiC3 it.
is necesssary to specify the kdorhcinj fluid. DAta 3n * is rea1U.; av'ailaole
onl~y for water 4id aqueous 3olutions. It appeirs tilt * ctu .vproach -0.20
Volts for pure wateO' in equilibrium with dtMo3phO1'iC carbS' dioxide (in which
C430 t~he ions are H , &no HGO -) ano is somewhat less for aqueous so' utions.
Furthermore, Auoit~iV*s (sUCh 13 salt' to pure water tend to daecrease's and
increase o7 and a~ rtsUlting in the ff~icie~6 y h~ving its greatest value for -
pure w.*ter 2  For pure w.Ater: 4 7 x 16- couj./volt m a M 19 34Mho/m, tt . 103
newt rýCods . If wR specify that - -Q..20 volts and - 107 u, the emLllest
vatlue permitted by this theowy, S :rkce out to be 0.0lM wa'lch indeed is much
maleor t~h..n unity. we will aorloy these data in the illustrative ezWples to
follow.

3-7 "justrativ M&WM

14osisjer 4n elvitrokinatic convertor of the following geometry:
st - 10* e, Aa10- . 'theopen vol%,5vof the tube bAM i athus ID 03c.

In the puepi.ng sode consider an applied volt4go differentild of 10) volts.
1he following p'ap cha:.coteri sties follow.

taro~-flow pa.#zurs: 11.2 x 103 ntri4/a (about 0.1 at..)

soro-pressurz flow: 14~ x 105 M3 /sec (0.1A. litres/ase)

m.latau pumping powers 0-392 watto

elvctrical current: 0.1 amp
elect~rical paoau inputt 1U,%, watts

wAxizum efficiency, 0i.3924

In thl getreruLion nOd. consitior an app lita proiaturv diffurential of

10 newt/a (about. 1 *to). The followingi genlertaor charaeLarietces follow.

weo-current voltage: 1,40 vult..

sero-voltage curronti ýo.01J w

maxlwau elect ca' power: o.4*9 w..to
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fluid flow rate: 12.5 x 1074 z3/sec (1.25 litres/sec)

pumping power input. A~ts

maximum efficiency: 0.392%

The Reynolds number corresponding to this flow rate is onl.y 2.50 thus assuring
Jlaain.dr flow in the tube bank.

3-8 2DoAs2fion

The characteristics of A steady state elect~rokinetic onergy convertor in
hoh e flu±id pumping and electrical generation mo'des of c'per.Ation have been

out-j..~a~ined. For pure water the ma~ximim conversion ofriliency in either
direction is found to be 0. '92%. A tube bank of lUO cm mop.:&" .-ross-sectional
area and 1.0 cm length subject to an appliec voltage uf ±000 volts is capable
of pumping 0.07 litres per second at about 0.05 atm pressure at this efficiency.
The same unit subject to an applied pressure of about 1 Atm is capable of
generAtig4 0.49 watts at 70 volts at this same efficiency.

We are presently undertaking an experimental investigation of this
phenomenon.

3.
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Nomencl•ture

A - open cross-sectional area of tube bank, s2

C - electrical conductance Q. ". mhos

B'- electric field, volta/&

i - electrical current, amps

I - length of tube bank, a

n - number of capillary tubes in tube bank

p - •luid pressure, newt/a2

Ap - pressure differential acroas tube bank, newt/v"

r - radial position in tube, i

r - tube radius, a

S- viscous resistance of fluid, newt sec/a 5

S - streaming potential, volt 2/newt

u - fluid velocity, aXVMc

v - fiuid flow rates , /**

x - awdal positeon in tubes a

a - induction coefficient defined by J•quto1n (l)a, ap Svc/ 3

* - daensio•aess p,&,rter deof n.4 by hquation (24)

* ýArVmLttV.ty of fluta, Qoul/volt a

IA -mflui visCO•tYt,neA sec/a

Ia- charge denaity, ooul/i,

o - fluid eleC00CA.l conuctLivity, r,'.h./

oo - surface viectrial.l condu/ct.ivity, shos

* electric" potential, volts

,q - voltage differential across tubn bank., volts

c c mponent of 9 as defined by qu&1ton 0i), volts

to valcof 't .r tube wall

04 160



vs p v, P+AP

ELECTRODES

CAPILLARY
TUB,- BAINIK

LD.C. GENERATOR

FNere 3-1. T0e LlecLrotinLtc Conv*Kor
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Section 4

ACOUSTIC PUMPING

4-1 Introductio

The effect of acoustic pumping as defined by a steady uni-directional flow
develo,'ed by a purely oscillatory source of energy has bcen reported and
investigated for miny years. One of the first to 1 report on this phenomena was
Lord hayleigh in his clAssic book T oL J . Lird Rayleigh investigated
motion of dust N•rticle8 in i kundt' a tube and streaming henomena at the mouth
of a Helmholtz resonitor.

Fv".•&.ing the development of qurts and other pieoseleoýric oacil•ators of
high power capability, reports began to appear concernino the "Quarts uind, a
steady flow of fluid directed awmsJ from the face of the oscillating a:istal.
This effect which is noticeable only at very high souni int--k-ities has b.en
analysed with vwdable success by several investigators since C. Ackt'a paper
on tte subjecý in 1948. Xofiblo papers on the subject are by Nyborr, Wester-
velt , Nedvin , and Johnsn .

Aother source of steady flow generated by an obtillating source is the
secondary fluid action* set up by interaction of an -' iýlating sound field and
a rigid boundary. Within hs class of problems lie La o Rayleigh's original
remarks concerning btadt'a Tufte and Helmholts Resofttrs. With the develomnt
of the bounc %ry layer theory the int)rac•ion of a sound field with the boundary
layer Is& investigated by Schlicting and others for certa3l specific oases.
)esowia developed a goner4Lised theory of streaing phenowana Ahct includes
both Quartz Wirn sad Boundary L•y• effects; .owever, the equations developed
have little valuo insofar as calculAting specific quantities for practical
oases.•O•So

Piercy describes an application of the Quarts Wind phenomena ý-bich
approaches cloesly our presr.t, tnptlc of acu•stic pwpying. Hs proposed a
system whoreby the streami4 velocity generated by traveling sound wave
would permit hM to oal•ctute sound absorption coefficients of a fi'" d con.-
taned in the sysuem. The device described In his paper would, it stitatly
optimsied, work quite well es an acoustic pv" Aose principle ero ct would be
to pmp the contained fluid. This particular devis was uhoeen as the prima7
effort of the current Investigation. Analysis has Frogressed to th: Mint
whiet optimisation can he achieved. a model has been constructed A v;ill bi
used to verity the an••lis and optimisation.

Utiphlnse9 describes a device specifieally designated as as *outic
pump constructed frow a standvrd radio loudepeaker. hie device woiks oan the
sae• principle as the streaming from a Nlsbolts lesnator, as d.oribed by
Lora kaylsioh'l on.ginal papr. It could be described ae a vectored somenta
pwV since Los fluid is ejected in a dirscte jet but sucked In fneo the
surrounding still air. The uimplicity, Irw cost, oad esurprising effectiveness
of ttisic oevice swgegsted that it be adopted as a seconeray effort in the acoustic
pping program. & model was constructed aind testd. verifying the original
work by ikWampine. -A analysis has, been started.
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It, should be emphasized toat effects other theni simple transport. of fluid
can be obtained from acoustic streaming phenomena. When dibcontinuities in
density occur in the fluid (e.g., ac*~- ~ solid particle or gas bubbles)
preferential streaming occus's. The discon..inuity in density results in a for"e
acting on the interface causing the particle or bubble to move. For this reason
a "bubbly" liquid has A high sound absorption and exhibitm hivIlo; streamIing
velocities by several orders of nagzdtudes. This effect could be utilized, for
example, in separating a vapor from a liquid phase under xero gravity conaitions.

4-2 Atb Us= ba

The devlces devised by Piercy and Limb 8 to msasure s-)und abburp.4 - is
sketche-I in '!gume 4-la. The modified construction resuJ.ting from the 'urrz~nt
analys1s 1bs eketched in Figure 4-lb. The analysis of the ection of the puwi,
which follow& is derived in pazw. fLas Piercy , tNyburg, iantl in rart is originial
to this investigation.

The piezoelect~ric crystal at the left, of the long tube sends a directed
beam of sound axially down the tube. It will be shown later that the optimum
frequency is sufficiently high that little diffraction occurs beyond the first
few contimenters. 'be beam exhibits little divergence. The sound be"n then
almost, but not quite, fills the tube with travelintg - d waves, which to a
first approximation Wa be treated as plane waves.

The contlnuity equation within the sound wave is given by!

where 0 density of fluid and u - velocity of fluid. The mastum eqwtation
Is

*ff1v. V-P t (AvtM)V(7v1q) -,VA vpr

where ? *Static pressure
* 41aaic shee~r viscosity

I * 4yiaic volume viscosity

Squatioers (A.-I) dad (4-2) ane iim*Awte ~ Assuming

f A

a u# #c?, #a

r .- , P VO



we wi.ll further Ass~um that 0P• - ad thAt V P << . U• And V P.
these &re st•adard assumptions x. uA-'v coustic 'ýik and art-juatified &y
experimental observ. tions.

There wi•L result, when theas .Lssmptions Ae dpplied tc &I"tions (•-i)
and (4-2), A set of equiitions, .wo for e.ch order of jet.

For exmple the zero order equations are (neglectir4 term of order > 1)t

v - 0 (4-3)

P~ , v. - P . t # V 4. - o P . , -.-9 .O f ( 4-4 )

Mhe first order equations .r-e:

/MI ÷ P. PYu -o

* 9.&4. ad , V,4.#P44. v 4/. 7P +(, Vv-l9.

T11 Second set of e"utionAS Cur I %th & VOWd eIqation of 3U1t.,
yielo the usual acoustic salu1iono. Ut X - lk 0, An Ideal fluid results,

ivinlg s a solution wiipew vownd waves. Doppler shifts in frequmny result
if uo U hots4lJy tWe assumption is iod that % for acoustic work.

Me first sat ot equ.Lione is of interest it tU prisiry vtaxse is to
Ire-act st5tteda l4 in the fluid. 11i the stroaalft wlovlty wich w# seek.
The tore on the let of hSqatioent4-) is t" pAt"Al Accelotts 4 of Uas fluid.

Urly *t&oA state Is conasioel, therefore, Ute toLpc ..l ,,oeeLio as
saro. The first. Lemt on the riot is the spatial wrilAtios &A static pressure.
&U camo ttrm Is the vis'oua *rgI. The the tons represents a body force in
the fluid tenerate by the a &rot Omer sound fiel.)

'rho booy foree Is epar~tled by v.hý mwt-Unser reaptin.;a *! LhM flu-... u4. eo
imaposed eperiouic forts. forces of this tyý#* 4 ate mim in # 1±4near ."!'.'
(,.g.c o ctifltor%, pa tubesj and result in energy Uanaeir t•te n hISI•'

of the ftawwvaLm l mae. Thus, it a pimv tom is soIed m, . point in a w.-
inear fluid, .,ariwnics of higher eM higher Order will be gemersted, until the
sounM is fit. 11., abc'rbed. betamse hi4& frequaiies a" .bowmed fastoa tehat
low fre'nces. at steady soate a msfttl1nar wave fort. is developed. Snelay it
.14o tr~nsfrrid from hbifr harlva ics to lower W Lit partic"lar to sero
frequency or IM.. Tbus, In a rnowlrr eirtmit D.C. esenti vWi result "row
an impose. A.t. Smaply.
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Now in the Piercy Pump we assume the sound field to be composed of plane
waves. Ahis requires that the beam of sound does not cox.tact thi. woll of the
tube. Further, inside the long tuiL. we consider wiy steddy flow in the axial
direction. Now Equations (4-3) Anm .. ' Jecome:d(SU = (•-7)

n. _dVP. AdJ ,/._ u.d,

(4-8)

Now we t.ke 4 well known solution to the first ortier eiyttioas fo; piane hvej

in .;. .L-,IrL(ng m~dium

where U - res vtlocity &mplitude a. source (x - 0)
o - aibsorption coefficient of fluid

* " frequency of move
k - wave nueber

K O W - V C" -a , • ,t - • A

i gpore the aout nn ureqmetcy *anenwL he it 1055 not c,3r%'vfLtaL to the
stre4aLdW a hntolt tLh result

Um the static prosiv IP does not. Tr~y with t aM WI tthe sal,.'~n v..
not very with x wuner te a%%mption we bvo sm4e. int4eratiLo witJ r*.aect tU
r yields

Pa . V.

MyA
L. (.i< n,,re •,../r #

rl

J . t . . r - - t



d L
The constants of integration A and B can be fond by noting that W-r M 0
at r =0 and U 0 0 at r = ro c- the redciu3 of the tube. Then the solution is:

(Z~~ ~~~lx)(4-1U)
a'?.r, ... ,

To determine •- define aP ],(--,WA where L is the length of the tube.
Now because U is not a function of x as we have assumed, then the expression
L ý(- 0 , 2-O ] is not a function of x. Now

dXc

Ss£<>'•8180 j,-je-'-"L) -- Z)•. '(,- e "•

Then the velocity is given by
II 4/iL (0 L410

The volume flow rat.e is Q Jfa.dA J, .rf-rot. dr-

7Ck'. r.PV (4-13)

This result leads one immediately to

PC•P '(-C"' - ('-li"

Equation (4-14) is basic to the Pie ry Fump, describing the relAtion
between the output 4P and the input ; A r. Thin ,AtLer t' .mLtpreie. he
acoustic energy put into the 3yst*M 'ad the product WP rtpr ets the nu!,-
pumping energy.

The abovo derivation has been highly idealized in several respect*, ,ne
sajor one being the implicit assumption of Laminar flow. £11 idealisdtion .y
now be disc.rueu, however, by a pure)l empirical apprmich based on the ideal
rqeults. Thus, write insteed of hquation (4-14)
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where AP and Q arn as defined before

and 10 - •oGov - acoustic int..-

A, rO, A£0 and L as defined by Figure 4-lb
C 0 velocity of sound in fluid

f - pipe friction factor as defined by Moody

'h,- actual optimization of the design will be done using Equation (4-15) since
it is the more general of the two. Iquation (4-15) reduces to Eqwtioa (4-14)
fPr the special case of laminar flow when £ cannot physically be zero since no
pumping will occur if the left end of the pipe is sealed off. The static
press'u-,. would be higher at the open end than at the closed ernd r-sulting in
onjy -_,7.Ub..?t circulating back flow between walls And sounm bea", as in Eck•art's
pape.r.

Now Equation (4-15) wirll be further modified by th• ''bititutionst

L 04

A " -o 2

where B is a pure numeric defined by 0 - L/£
a' is the so-called reduced absorption~coefficient of the fluid

a !,* the frequency of the sound wave in cycle% r:er second

The reduced absorption a' is available in stAnda=rl references on acoustics
for a wide rdAne of fluids. The absorptiLi is proportiorml to the squire of
the frequency. The fact that this iz not entirely true is noted by specifying
the reduced absorption as a weak function of frequency. For many comMOn fluids,
e.g., air And water, a' ow const.

Now

(4-16)

InspecUon of this equation lur possible optimiling parameters it,.,W t.'Wt the
:revuency v, the flow rate Q, awW the length ratio S are t.0* only panaetarq
which 44ht oe .dju.ted for optil= perft-rnce.

Toe output 4f the puop is defined as the product of heao and flow or

MO W - •o(e, ;a, * and tUe optiuma value of each partawter is obtained when

!1 .- 7.
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To solve this equation each variable will be eliminated in turn by setting its
partial derivative squ~a to zero.

We will optimize first with respect to V2 rather than r since the frequency
appears only as a square in the equation. The result of this operation is

,,W, 'OP Z/ -j "- __ C" 'A

which yields as the optimum frequency

Substituting this into the expression for W yields

whuLe g(B) - (T )

'Mis expression is now to be optimized for the flow ratb t, thust

-d1PV 1. L

or the optimum flow rite is

A

(4-19)

Note here that I - C tU where U - &Ajima velocity 'implituae of w.vo
dt the crystal face. Then Mh optimum flow tte ma&y %lmo be oxore*ses by

ohen kquAtiu (4-,O) is substituttid Into (4-18) we obl..n

.1d



The function OLg(O)]3/2 ha. a nw'.•,•um which can most easily be found by
numerical calcu2Ation. The funciior. s a rather flat zAximxa of about 0-.-,
near $ - 5. Thus, the length of tube, L, which yields the mdAxmum output is 5
times as long as the distance from the crystal to the tube er.trance. This

latter distance, I P has an optimum value; but it is based oii the tube entrance
loss whizh is not Soverea by this analysis. a re~sor.iUle dimension for this
distance, £0, is about equal to the tube radius. This leads to a flow area

between crystal and tube mouth equal to twice the flow ar'.a in the tube. If

Viis assumption is made, the ratio ro /1 0 1 and we have

. -I I a-•,-

S 4;7(4-22)

The ilectrical input to A cr: stal being driven at its rc.- ,nant frequency is

given by
k-- I. A

where Io - acouutic intensity

S- raciating face of crystal

Cf M coupling factoa', or electromechanicAl cunv•x-3ion efficiency.

We now assume that A s ffre2 and note thit I°0 - C 0CU2 then the pump efficiency

cefOMeM by

is given by-~tr

or

This last equAtion tells us th.t the pumping •fficioety o0 th Pietrcy

PWp Lu prop-;rtioil, to the electromechr'. -Al efficioncy of the orivine err, '•

inversely proportional to Une squsre root of týe friction foctur kheau lons)

snu proportional to the rAtio U/C0 . This atter ratio is Always lade than I,
in fact the best valutt 4fMA~nolu as a prctieol mAtte: to in .he neighborhood

of .33-. It is nuL~key thdt f should ever be much ,valler than .01 And wlues

of .4 for C a'e not e.*s.!ly Attained. •Iith these Assuept'.ans it appears the

beat Pract:tai efficiency fur this pua:- is around 1.1% a' the present. tise.

'hurc is no umedlite reason wthy this ,nrtorahee rannot be UWaraved utn.

One simle and e""ictive taprovesnt is to use two toubea with each cryntal thus

doublin the cu...ut .nd the efficiency. The roll valu of U/C0 - an ta i•provved
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upon by perhaps an order of magnit.ude by various stratagems, such as preloading
the crystal to preveat shattering. 'he ultimate in conversion effic~.encies has
not yet been reached.

A review of the equations derived for the Piercy Pump and swme rhara~teristic
results for specific fluids are given below:

I. iero-flow head (Equation (4-16) with Q - 0)

1P Ua J" " (, - ('.ct'pvJ) (4-24)

II /.er4-head flow (solve Fquation (4-16) for Q with tAp 0)

J ' "/•÷•- -(4-25)

U1. ')ptimuz frequency

-_--VA = _____.___ zzT

2.04 O'd(4-17)

IV. optimum flow

o .U JI (4-20-•r <.)

V. OptA•Jm ratio of tube length to entrance length

I - 5 (found numerically)

VI. Optimum efficiency

Some representative data ant

uir water mercury

00 1.29 kg/83 996 kg].' I3,56 k&~/a3

C 343 m/oe 2 149, n/leo 1/5 mI &/
of 2.7 1 ee2 /a 25 0. " se o2/6 . 10"5 Nc2/0



Assume a pump with dimensions

1o - re - .025 meters (2" diaw.-sr)

0 - 5 (. '" 5( )

Note that The peak velocity at the surface of a vibrating 4uartz crystal is
about 5 W/sec and that the electromechanical coupling coefficient is around
.1 for Quarts. Quarts it chosen for this example becaus.q of its high mechanical
sGrength, cheapness and avail-.bility. Some of the newer ceramic transducer
materials would perhaps be a better choice at the lower frequencies.

lVing the above data in the listed set of equationi' res'ilts in the
fclawiis• performance:

air w,.t" - mercury

zero-Flow Head .04 inch water 10.4 psi 142 psi

Zero-Head Flow 116 ea 1060 g- 1380g0

Optimum Frequency .515 Ne 16.9 he 34.6 Me
Optimum Flow 29.9 eta ,4 gP 356 gjm
Power Output 8.28 watts KO watts 14.52 KOW

Power 1 ut 101 watts 400 IN 4840 KW

htficiency .O82W .C2% .0039

Two things should be noted fromi the information supplioe. First the high
outputs of the heavier liquids are associated with low efficiencies and the
(relAtivelyj high efficiencies of gases are associated with low .utputs. This
is due to the high speed at sound in liquids whirh reduces ac€ustic energy
input. Securnly note that the absorption of the fluid does not affect the
effitency or output of the pump it the pum Is operated at thte. ticA
irequency for the particulae fluid being handled. However, If t, pump to not,
operated at optiom frequency, the output and ,fficiency a•e r*.-uced accordingly.
Note alto that tha optima sequ•en•y is a ftmcti,,i of pump dimensions (S ) and
can be varied. The sm&,Uer Ae is, the greater the output and sr,.."

'-3 t:1hlzAW Ah

This device, described by Dauphinee9 , is an arplcetion or a very old
erfect, noted by Lleigh end others previously. i.t An oscilihng proesiuas
can be eistabllsheW in a closed region connected to a steady pressure region
with a tube or nozale, a net flow away from the nozzle %il. occur. Vis effect
Is awtiiested in a large numer of ways, one very cosson e w befne the circu-
lation set up by a Hi1l4 speaker operated at high valume. The griln cloth A^ts
so A cUltiple noszle and the low frequency ccsmgnnts act an the surrounding
air to induce circulation. The hydrodyranic o•cillator (toy boat esrine) Is

, "l l I lI Il!1 1 111 1



another old but valid example of this principle. In this case net thrust is
produced by the oscillsting water • L-, Ln precisely the sznme manner as the
acoustic pump.

Figure 4-2 shows a sketch of the Lcoustic pump as describe: by referen.•
(9). This pump uses a radio loudspeaker as the cavitr because it is simple,
cheap and readily avoailable. Any cavity whose total volume can be readily
varied at a suitable frequency can be used to punp fluid. The cavity may be
filled with the fluid to be pupped or with another fluid. The fluid to be
puWmAd fills the nozzle or orifice (a tube or nozzle is not essenti"). The
oscil'ating pressure in the cavity causes floW oscillation in the nozzle. At
the noszli exit there is a directed flow away from tht. tube but. flow toward the
tube z-rd;.. to cam from the still fluid surrounding the pulzed .et ssuing from
the nosale. The Jet may be containod in a second tube as shown. The pulses
issuing from the nozzle entrain :luid from the surroundizg region and smooth
out tha flow leaving the second&ry tube. The net resilt. oi this operation is a
low head high flow rate chartcteristic similar to 4 srall propeller fan.

'The waulyais of this pump is, at the own time, simple and complex. It
is a simple problem to develop equtions permitting the design of a pump to
produce a given output. It is quite difficult to dovelop the actual flow field
which describes, the pump operation. The analysis i ' *sed on the sane resonant
cavity Anal.ysi0 of Hlelmholtz. 'The fluid in the no ,A!L is assumed incompressible
and oscillAtes back and forth essentially as if it weie a solid piston. The
fluid in tt- cavity and/or the diahra% provides a daping force. The analysis
then becomes thAt if a simple mass on a spring with frick..in. This model will
pertit deterziation of the dimension of the pump and theo dztving frequency to
procuce muium output.

The difficulty arises in tryine to calculate output at high asplitudes of
vibration. The equations governing the operation are essentially nonlinear and
cannot be linearised at finite waplitude. the problem is complicm,.ed by the
ftct thAt for reeoewble output the flow is turbulent and rotational. The
device is incioent~ly a vortex generator quite capable of blowine excellent
tboke rings.

)Wasures v.,ues of efficiency lie In the range of .5 to ^ 4,.a outpuu of
up to IMO atm at .1 inch head have been bserved The p'xVm has been used
according to reference (9) to circulate air at liquid air temperaires with
soewhat higher efficiency. The oaventege of this type of pump eo
tLues Lo obvious since there is no lubriewtion problm. This put; sh,.uld also
be useful in hancling very pure fluids •lhro contamina.uen Is A.rblee. I"
characteristics ore a.p3roxmAtely those of a propeller fan, low ., ", ".
oelivery, when pumlng gaseoeue fluids. Its efficiency and outpu. are ptesumab"
less hewn hanoling liquids although this point will require chee'.Ing. No Attests
to pump li4ad hava been -so yet.
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Nomenclature
2

A - flow area of tube, cm

Cf f electromechanical coupling factor of transducer

C 0 adiabatic speed of soun.ý in fluid, cm/sec

f - Moody friction factor for pipe flow

1 0 - acoustic intensity of radiating face, watts/era2
0

k - wave number of acoustic radi.ition, cmil

L length of tube, cm

A 0 distance from raoiat.&ng face to tube mouth, cma

P - pressure in fluid, dynes/cm
2

Q - volume flow rdte thru pump, cc/sec

Q - optimum volume flow rate, cc/sec

r racial coordinate i1. tube, cm

ro a e.uius of tube wAll, cm

u gencr.l fluiu velocity, cm/!ec

U m -m velocity of transducer face, cO/see

W o power output of pip, watts

W i power i.eput. to pmp, wa.tts

x Wial ro'~-ninge in tutbe CS

a =' &€coustic abso•,"tion melfricitnt of flida -1

2,
W redusea ab.orption co.licient -I fluli, 00C tam

S- r.tLio of tubv length to A0 (abov)

AP a pressur, he&* of pump, "a/N2

I - effici~n4;y

X - coef•fclient of vohute viscosity, poise

I5'.



- coefficient of shear viscosity, poise

m - frequency of dCeoustic radidtion, sbc-1

u - optimum frequency of radiation, sec-l

P - d'snsity of fluid, go/cc

- angular frequency of acoustic radiat.on, s, c "

i'S



re.sonant platetransparent to

SX.. Waves)

.. _Efftal
steady flow

Flow is observed in side tube
where velocities arm amplified
by area ratio

F~ur* 4-1a. ere iecty's Absorption PA&,*%ring Device

(In rJ~owst~eady
- - £o...... -~ -. m -

Sr s.,@ outfow
x

_ _ _ _ __beas

L -

A Mw~v area ve*

FIiazet 4-1b. 'lerty Pump as Irebcr~bed in ?his Report
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Section 5

THs. ivdNSLO EF'E.TL VALVE~

5-1 Introduction

The 'Ainslow effect is a phenomenon observed in liquidls by which the flow
cif -a liquid can L-e restrictec by applying an electric field perperndicu2.Ar to

the oirascti''n of flow. 1he effect is most. pronounced when the fluid ia an
emulsion, 4lthough there is some indication that it would al1so hold to sm
eyrt..nL for trui solut~ions (where there is thorough mixing on a -lecUlA-r l0e;31).
flr *.ciaciple of operation is the foliobiingt The ..,pie'ation of an el.cctric
fielu across the liquid causes pirticles of higher Lizzldectric ý.onatant (such
as fintl~y aiviaea particles,. molecules, etc.) to form chla-%s dAciza X lines since
this is a lower envrgy state for these particlas. ilio.i, --!!ne tend to impede
the flow or the remaining fluid and thus efftictively increase the viscosity of
the fluid.

The m&ethod which Was proposed to use this effect in a pumpint system is
shown in F~ig. 5-1

The signal ae-nerator at the left provided both uhe ouiving power for the
transducer ta bari.um tiý% crystal) and properly phased control voltage* to
thema in. .ted plat~es wi4ich wert to ..ct as valves by :-"as of the Winslow effect.
the device was to be rectan~ular In cross ar,-Lion for t, se in ev*4lutir#g the

laci. ~h~y^wvwr, duiu to problw3i in ahe,%W4~ and in proptrly spcing the
ln34Lteu pa.rts, thit uasign w'as repltcoe4 ty the f(nltowing (see fig. 5-a)t

1This is -a sis~tipi(ed astetch. Thi cetual 4evice consists of &even
concentric thinr-w~d1. broso tubes. The -. nter tube is l/41 d1A. and the diameters
increa&so in incrvsonts or 1lA" to tho la..pst, which Is 1-3/1" iau. The wal~l
tthicxne.is of akl *,he tuýý i .0)50'. this lvavpt .U901 opacLn between all
rQ~.4cnt tubes. fl~w firott1 third, fifth, an-ý atvwnt.h tube ore 'i2" lng and
are electric-alLy tce to~ethtr to ferm the qrow~r. of W%, - iken. The
SOCOMW (outth &2W SiLh tut-on are reAch ir. two sactions. tact %ev:ion~ 51 4.4
Tubes 1ý 'and 6 on Uti lvft. Lrv electrically cownct... Ltoether to forin
one wv..Iv*O andv iijewisi, on the raihL. hols ý...r ctiri&)d in tppropriiate places
in &Lk the t.Wbs to allow Pr. ilulo flow &nd for action of tI4k- na.-lotter.

The oatslOv Ub~e is e-Itipp*0 with siecial rittin~s to acceptL tne trarksoluctr end
with Inivt &Wd Outlet port% foir the fluill. 1he wa.' caps %re achir.*0 1.-?
pleiuit~a~ts &N Attv ciea"4 onto tha *#..;. .y Sians or four 120-long. Lhre...'
$/lo" bar#. &Lvttritak C-xUhectionz to the *;?vlr~d*% -Are WAUe Orough the v-4
Caj 5.

$ince the traniwmeoct Is idesien"a for uav, at awlio frtoiuencles and sinvc*
the fluba fpr..aij would not be i~ble to follo. vibratio... beyoww & few
Uvousani cycle* per t-tcoftd, o. %t-&nur1 aw~il. oscillatnt and *aplkf1*r werv used.
Lj.,ntions TAerv shade lotQ the pao..r output s",et of the amplitier since* the
voit..Cw a..vvioras wlhich *yj"..&ate Lhar- we". 14'aily siklted to %tse oper.At1,,i of
to* 4is,0AtuTO"t I tile pb4#.



The voltages oottined in the amp'ifler p-oduced an r, fiela un the oruer of
0,OOU volts/inch in the fluid.

The fluid used was the one recommended by W. K. oinslow1 :s the one which
he found to give the best reault-, activated silic&Gel powder in kerosene.
"The mixture turned out to be a very thick, soupy li.quii which caused ccnsiderable
difficulty in handling. It would flow only very slowly through i 3/8" glass
piF4 twenty inches long. It took over An hour to fill the pump wiýh the liquid.
TMe power source was then connected, but even when turnea up to fuil output, no
wion of the fliti was ooserved. However, it was aso noted thAt no sound was
cowing from the transducer. Iis indicated that etoier, (1) the transducer ws
defect:,v., or (2) the transducer was operating as it Aho•d. but its aispl-cament
was -' '.:o sfall an 4wlitude tn be heard or to nAve ask. affect on thb t'Luid.

In order to get a displAc©ent of the order of n-,n 1e which was required,
it seemed that it woulo be necessary to use some other driving system. The
Aethoa decided upon was tht rollowing: A thin copper aiJphrA&m w4s zo'&Uerc•-
*cross the transducer opening. The center of this uiaphrap was con-Acted -y
a rigid link to the center of a ýo.dspeaker cone, so that, when tne speaher
*we driven j Lhe aalifier, it would cause the diAphrqp to vibrate ýnd move

the fluij. The pump was rWfilled and connected wo he 4&plifier. rnis tim.
the vibrations were awlible, but still the fluid w .. 1 not move.

It is difficult to at4 .',in why tLe 2Lkqvice woult; no. %ork satisfactorily
sin-e ac", ding to severa, references ' I th. e ffctt uoti exist and is
measurable. Th difficulty soes to be in the :luid use4, -ince the fluids
usue by .inslow" are of low viscosity amO, Indveo, he recommedae low vi •cisity
fluids. However, the only fluid which he recommends specifically, the one used,
turnea out to have a hi(h viscosity. ýhis high viscosity, In addition to
"sausing high resistance to wmtion of the fluid, also allowe the entrapmnt of

maill air bubbsss throughout the flui. these bubbles make the f4id compressible
instead ot being incoapressible, so that the changes of Fp$r~os arnuced into
the fluid ore absor*-1 oy t &!-. 4ubbles and are not transmitted throu#hout
the Mlui4. Thus, even thoutwh the p4articular aratnfe&nVlt wh.cn %as r.ed d04

40t Vore, there is a g,-M ChaCce tht, •w•th S be~tter f the 5.,V And
irivift wystsa wia. jive useful results.

IC the eaperLment haia oa;rateo sati*factorlly, the folltwi% 'lost# tre

Firettt hasureamnt of the Rffe*e#l dr',.vt1W, v e ,v% ohe ,....ucer an,
on the wlertroJes) an output pressure difer*ece.

3econi Ite eofftet ef phase aoifereaces beotwm the tranoocJer wIltare &no th-

electrode Voltage.

Thirdt The r-IAtLonship between pressure end flow rate.

Fourth, T •h eifect of drtIbinf frequency an premsurt and flow rate.
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Section 6

iLO"TaGNk:rIc INDUCTION PUMPING

6-1 Intronuction

The induction pump is closely related to the ordinary induction motor.
Its greatest adv-ntdge over other forms of crAgnetoh~arodyndmic pum:-.s arises
be',.use- no elect rodes are necessary. In this pump a travelling mignetic field
interacts with the current it induces in t'.e fluid And a body force results
which s-"s % compan3nt in the direction of the desire• motion :" *..,i I fluld.

j umps have been used to pump coolants in nuclear re~ators . In 0,,e
study by Blake several Geometrie6 are considered and 2o.e experimental datA
are presented.

A dc'.41.ca ctudy based on th.s equations derived by H'A. rit.2 treats the effect
or magnetic fielo fringing caused by pole piece sepAration" . It is concluded
that fringing reouces the efficency as much As do laminAr skin-friction losses,
However, it is 3ssuMeS that flux penetrattion is complete And later it is con-
cluOed that clectrical skin effects are nagligibla Clearly, induction devices
will not work At wor frequency because no fields currents can ov induced.
At very high frequencies All the induced fields .id currents will be restricted
to regions in the fluid whcre no motion c©n take plAce because of the no-slip
bounaary onaition. Sinoe at both enis of the frequet,.-y spectrum no forc•
exists to do pumping, there must exist an ojtl.m. freý!u.'!.Y for induction
pumjing.

Since the flow is turbulent the siapita" =del of the indue' ion pum.
assume a flat v-.lc-ity preCflf. rIrthrmort, skin friction butween the con-
t•intr w.ils .nd fluid are neglectea. The geometry ue4 - in thiv irivebtigation
is shown in Fig. 6-1. tho polyphAse winuings are -,rrvArE0u 44 I.h at
X 0 • , I y, the aagnetic fielu in the y airection, in gilven by

H, (X, -t 1,. X.CJ(

KeglectLiti hvatiwn effects, Ie soticn e: " alug of •ui is given by tht
haxwell. equations and Newton's laws of motion. The 1xwell equations are

"" ' (6-2)
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V-H =o

(6-4)

whero

(6-5)

and, E*, *, J1, •^ c, and v are the electric field, ragnetic field. current
dlensity, tier tabilA'.y of free space, conduntivity and velocity of the metal,
rec:wc.i-i..ky. Newton's Lew of motion is

A

Ot *j 3.. "_Y (6--6)

Here P is fluid density, P# is pretsure, and (IT'x R 1)y, is the y cow-cnens
of the electromAnetic body force. My combining (6-2), (6-3) and (6-5) there
results a wAve equAtion in magnetic field.

V& " + At,..6"VX ( V*X x 4")= ;.. ,e. Ii
(•?)

Since the &*chanicel rel••tLico tis* for liq%O i setals ii of the order of
px, /21vo (here it is the viscosity), it is even th•t this ere~ ti•n tiJ.,' Is
moh greater th.n the electrical period of the lovest frequency used in the
polyphase coil. Dh•u we are interested onrl in the time averages uf velocity
and pressure. lben, for steady putping, (.)becoxes

(4)

vagnetic wae" 04tu.&on become

rt (6-9)

here j Is & unit vecter In he y 4irection.

If, In the alternqtine; current ate"y state, it is ssuamed t)'t the time
vorlitien is olnusoidal, then a phos4r solu.ion is possible in which
repl,-.C4 ". AIa, since whr excitation Is of the foe t NR e" -?
wheo I Is the t line.r current density per "iJt . dLaensioneof ti- excitirg
wino•n••, thon
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(6-10)

Upon substituting the phasor ,uantities into Mamrell'a aqu.tions, we obtain

(6-13)

"""•utito) (6) becas

where Re uinotes the reel part of end is the complex vonjusate of Th. The
y ciogwm nt ot (6-12) oust be cobineda gith (5-1)) in order tW ellirnha

there T . . .ults

--- (6-is)

The solution t%' (6-15) which stisfies the boundary condition on My(X - ty " *I

H4. Ca..~

(6-16)
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Hy is obt.dned directly from (6-13) and is

A j Aj (6-17)

Frm (6-13)

By thi use of (6-17), (6-18) 4nd suit~ble hyperbolic i;,entities

/v÷+o"+.,,,__K•r).] Ca. 2 • -e...,#A.x.

(6-19)

where Or and 01 are the real •nd imginary parts of 0 rcapectively. Integrating(6-19) 4.,'4s

X, #,

. #.. . ..

-k1  (6.-; )

la xow;O b and r~arrarw 6-0 wtilh be,- mm
"Y it 

iX

f 0-, A" # .- <$..",,'

"It!!A
.1. "'SJjd



w~here 71, = (X. Vt2d-)lie, T.z -~ 1 Y v/V' and
Ty W V /ax . In (6-22) we hayv .....- -sed the ratio of driving pressure
ghadieRt t8 aixizum sagnetic force ds a function of slip -r&, frequency.
Frequency is containea in All the parameters. If the phase velocity is fixed
at a certain value, varning i1 is equivalent to d.djusting x. or a, T2 to Vy and
173 to frequency.

The ratio ". has been maximized for vrious values of T2 The necesstry
values of "l and4"3 are given on Table 6-1 which follows:

" I2 "3 M3

0.1 Q.025 0.45 6.67

C,.14 0.3 0.075 0.45 3.85

0.714 0.5 0.125 '.45 2-98

S.714 U.7 U.175 0.45 2.52

U.711 0.9 0.195 0.40 2.54

Table 6-1 - Optium Values fo-" Induction Pmp

The electrical kin depth 6 is defined as 6 . (moa)-'. Under this
definition

X* it.rc

Cr (6-23)

end Table 6-1 showb that for optimum ratio of pressure gradient to applied
aagneti@ force the ratio of pump width (2x ) to skin depth is -o sere as seAs
invsstigators &ssu. Instead- it varros f&M &baut 13.3 at 0.. slip to 5 at
0.7 slip. Of Lotu s, these f*i ses are subject to modificition in order to
in•'-ude velocity profile effectc.

4-3 hi idWIL i"1 khs
The effects of the vlt.ity profile can be included by &*.+.a, * vibsous

term to (6-6). The resultiqg equation Is

The equations govetl'ng the flow are (6-24), (6-2), (6-3P, (6-4) and (6-5).
However, these equations or* rather no•linear end pro•Ay cannot be linearised
because the onnllnearity is an esse.tial factor in .he optima flow profile.
fither tsan solve the non-lnear problem it is possible tL replace it with.
large number nt strear problems. One such senem cons~er" the MAWJi t4 ,
-6p P)r.&lity roGný, e. flte& M0 plate NOVe at Slijhtly Uireren•t .loit1ee
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uncer the propulsion of the (U x 9) force and exert forces on each other which
are proportional to their velocity cifferences. If a suflicient number of
plates Are taken the nonlinear pro"x .- c. ýhe same as the manifold plate model
This is to be a topic of future investigation.

6-4 "onclusion

For a slug mo~el it h"s been shovn that skin effect cannot be com;letcly
neglictea. This ir certainly a reasonaole result bec.Lie the x coaptonent of
m.gneTic fiela and the z component of current density produce the body force.
bth of these quantities art induced e'fectt whose strength tends tn increase
as U1s 6 . effects Uevelop. So in order to optimize the desian (' ýn electro-
mnane.r -.an;, tne s4in effect must be incluoed.

0'
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Section 7

~ ~~)IO ION .CXE

7-1' Introauction

In seorciiinz th'e litr.Lture for rnew w~ys to ir~f~jvnce t~rio,ie :; zfli
the cantract invesLig~tozr enccuntere .. orief report cý;r~cerlrt;rj a motor
*.;arefltiy %Ar.ven oy ioni. imis recort ae~crioea rotor 6.' nen situ.,ec
in a ~g e.Lectric fiela 1*ouau rota toe i 4t Lýrj. anular vemccity. jeeinrv
it, t4,.; ;zLtie -,ýioility 3f ueve~o'nin is s eiýf-ccntainr!.: ';--evtric
the investigmtorsi ~oeZfl & reliiruna.r an.~lytir4l .tucy. -,uilt3 of th's

3tMl~ch ýAilj De silmr-rizec in the last tart ý'. tir-4 se,:ion, were: n.tl
E:... ;a6:ne; it is the instent V, tri investizators '.';hrncn furtn~er %Lr inl
.his are: 6ith trie writing of Li.- sectionf.

7-2 ijesr;g i- j 9 thte _________1

In IV50 zko0 ov moie in:'orz.-at~on or, the :,:.enoz~non ý.hich no first
COc 3 ibea in i,,5, onz tm .resentez *xý;ri±Lental a viý;ence lia.dr I,,% tr.a zamO
yea.r * .ne o~vice i.e f or his ex~r~.'ent. -',. con±iL-teQ Uf L pair of
t4octmo.ss lc.,teu &src . olilo C' 1.4s5 t'4be '- bith a~± lii it-wztric
-r~ich 3*rvv6. az tni rotor, !=t~r in a oth of !.Ljl4±- aivi.,ctric. % cfr.'qitic
of ttiv &rrantfl.*n?. is 34-6Mn in Fi~urv 7-1.

It is obsorw#,i tit hrion *zoi.octrlic cj1.l.-*.r ~c h-ýt. iortf..ttivity 6~nd
rtaisivi.ty is pliacw4 u6L.4tii tw.3 cx,..& -cras&ic r c~sii
i,oar livici 4.1*ect~ric af Lz vmiztvity il.tit'Init ona~icato

Of 16nin ~.joo~.to Ln. 911.Ctro*41. rae .1r~t'.n ý.frotb;I.1 r-1 A

amG .t 4t vi~ci to aot* .in L~t.* IAmtC~iG i?; bhe.lc it. ria start*41.
in &4altiofi, it w'.s %n. ~fAt tli %ttt~i¶C W'lt* altU antlUa- vollciy for 41
ilv~ Y-a.tq* ar-9 not rV. j " ) 3.44 ;aj&ewr 'nq@
Nts'alts 1in4L.atg ' -t u.4, .Ai 1.I O4 a ctrtal -4xtoft, 5d.tiatiCal inl

LU ir~v~nt -A* ..ý'Or I.r. ýi. '!' 40-1. tw on.a-r -hllct, forts on thil

.bwrtlitoa *ý tile %E.4~tr.c . t-e cj.l.n.nwr ante t3 saw

MiSl g;ClvCt-l afl ru.ot.r Caft 0e ~ ~Sea"1r, *&*~sk.a
'later . qaectrile cofn.,bl OQ.w . .v1 rotor.

Cta mhiiacA . repr4.v t frt t~.m -*Y.WPi~c Lsd w art i44.*i
wv.*rat%.oa. 4a.ito# on his ea t. oR o&~.that p~lar

havil rgitals.wt.#& be~tleen 10 a I e.-ce, c-n b4 usase ~~f.1



7-3 Th._9e Recn 9_ Kotition

When a high potential differ -no ii Applied between the parallel electrodes,
ions carrying both positive and neg.Lav charge are transferreo between the
electrodes giving rise to a conduction current. Because of the pol.arirTtion
of the cylinder the ions form a layer around the surface of th- cylinder,
positive for the side facing the positive electrode and negative for the side
facing the negative one. As long as the interaction butwueri Lhe ion laner Lidi

the slectric field remains siall, the resulting torque on the cylinder is not
sufficient to cause rotation.

however, if the interaction between the field and the ion layer is
suffi cidant strong and it is no longer co-linear, ths cylindtr vill begin to
rotate. '.Atation W be initiated by designing an sitytmetric fleAd into tha
devic" ,r by supplying a omall initial torque to the rot-...- Once rot.ition id
begun it will continue provided Uie current is eraintainta to keep ,p the pro-
duction of ions. The rotor ac.elerates because of the s,..i,' and growt~h of the
ion layer in the downstream direction; this action, in turn, causes an increase
in driving torque. Steady rotation is attained when tat driving torque is
equal to the viscous drA acting on the cylinaer.

Figure 7-2 illustvites the charge d4 sposition at 4&ny time after the cylinder
his attuined a steady angular veloity. Consider.* , •rbitrary point Y on the
surfoce of the cylinder. ahen point Y moves Lo po I.IL n P, it itarts to
accnulsate positive charge until a xAaim Is attained ,ot position a. 45 point
Y moves beYod position a, it starts to lose positive hArge until it reaches
point P1 w ere it starts to pick up nelative ehar,-,e atu'ning the wmaximu
negAtive charge at position W'.

Mhe Ions are c€.asioered to have a no slip mation while they are sitting
on the iylinder surface. Ibs rate of deposit anO withdrawal of ýonsa ahd their
Gistri~iation is believoG to depend on the reraittivity and resistivity of the
tqlindor, the field strenrth, ard the angular velocity of the cylbrter.

Piret we coamsoer U-* overell effectiveness and efficleftaj -. the Ion
actor. The eftectiveness of the smLor Is the sxa•sm po.;*Ible output power
eivided by the power supplied. Sinct the only pot'-ion of the %o~~hicn can
oe us" for pumping is that du& to convection by the &on transfer -c..mnus
descrbed In the previous part, we write

L L -V- (7-1)

wne': I is the convection current and I As thq total currer dw to coovfttion
amd tbeeInitial conduction current. Ae conversion of I X to mechanical power
is geverped by a Mchantical efficiency given by

S , V7-2)

m "- V m



Thus the overall efficiency for the rotor-electirooe combindtion is

1 •1 .I t - I - --IV (7-3)
We now consider the problea of evaluating the electric fields and charge

dinsities required for calculation -if the torque and angular velocity of the
dttvice. In this section we will merely summarise our resalts, since they are
obtained from a straightforward application of the .uthernatics of electric
f-elds.

%.lecting e.nd effects, the uniform electric field between . pair of
oar-ý'-.. electrodes for a cylindrical bouLdary r, illt.-tr~ted 'A Figure 7-3 is

... (7-4)

The distorted electric fitLd inside* and outside the rotating dielectric
cylinder is calculateu by solvinZ Laplace's equation in cylin.trical coardinates
for the potential ditribution anw then finding Lhe gr.-dient of this potential
field. Taking into acciunt tae electric field ir. -•.1 by the ion layer, the
electric field inside the cylinder is

M outstide the cylisJer it is

Considering a control sutfee on the cylinder ,,nd applpnS %nv principle
of conservation of ch•arge, te 4Uf(efe'tlal eque'ian for the charge distri-
bution of the Ion layer is

esubscript rfers to Lfte jaejectric sm*Av- while the sxviocrp. 2 daootes
the rotor.



Meý;lecting the terms containing the dielectric constant of the medium as beinL
sml in comparison with the die' 't-t .c onstant of the rotor, the particular
solution to Equdtion (7-7) is

(uf•Jt •j - -, (7-8)

I, Ee. (7-1)

The interactions of the iin layqr with the applled fi-1.d produces the
driving torque which is

Tc Edibrde Ed(•br) E tI (7-10)

The convection current is 3btained by inte4rat.ltn 5quation (7-d) for the
cnArge tranaferr" per uniL time, which is

_Ue frietional torque for * clindwr of raciuo r rtatting in a concentric
cyllnder of rfaius A/2 Is given by the wollussno expression

~upn eqthataing xQiuations (7-lu) and (7-12) the steady State ar~~rVelocity
May be obtained ad

L - t7-,3)

DW rtowlte of calculations go"e with theose .upations #-c 0Jwe it
abie 7-1. In Cenerai th* performanc. of the ton motor I)L -teen to be poor. as
mavetional motors offer overali efficien4ies in excess of nimety pvr cent.

To cý.anvrt the owchanisal efr.cimty LIvan In Uble 7-1 to Uhe overall efficiy
gim In bqAtion (7-1) vowuld reire knwledge of the rffoctivQnesa; this

SII



quantity may not be evdludted without experim,.ntdl det~ermination of 1, the
total current. Table 7-1 also indicates that while the Input power is small,

the output torque and power arts q-- -mited.
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Nomenclature

a - unit vector ii. t': - mal direction

at - uniL vector in the tangent direction

b - length of cyl.Lnder, a

9 - electric field, volts/m

e field distortion constant, 2 2 Y/(K. + K•)

I - convection current, ampsc

I - total current, convection plus conditv-Lion, amps

K - dielectric constant

£ - distance between electrodes, a

r - radius of cylinder, a

t - time, seconds

tr W relexat4on time, Pe, secods

T - torque, dyne-cm

V - potential difference, •4lte

- relaxation angle, atr, radians

y - point of interest on rotor

o - ermittivity, farad/&

4 - permittivity of free space, farad/m

% - effectiveness of motor, IcV/(IV), per cent

S- mechanicAl efficiency, mT/(lcV), per cent

lo - o!!erall efficiency, *T/(IV), per cent

o - angle measured from the uniform tield line, radians

I - viscosity, poise

p . t•sistivity, ohm-&.
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- chdrge density of ion layer, co1uomb/m 3

w - angular velocity, rod/pec

Subscripts

1 " the medium

Lhe rotor

n -normal

t - t~ngent
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Table 7-I

The Theoretical Performance of an Ion Victor as a Function of Angular

Velocity

W100 200 3 CC

'k, road. 0 4 4  0.888 1.32

Td-ne-cm 11 8 0 1650 16 2 0

1c amp. 2+.x 4' 09.-5jx,7.4rff x lo"?wT watts o0118.033 .048o

Icv watts .0482 .079 1.0 95
0/0 124.5 41.51 51.2

0.02 m j? =10 Jam
r =0.008m 1
b = ,08m K.=80

V -2*10 volts
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Fig .-e 7-1. Schevitic of the Sumoto Ion kotor
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POSITIVE ELECTRODE

NEGATIVE ELECTRODE

x

an: UNIT NORMAL VECTOR
at: UNIT TANGENTIAL VECTOR

Figure 7-3. The Loca&tion of the Unit Vectors on a Cylindrica1 loundAry
Inserted Between Plane Paralel Electrodes
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Sction 8

INFLuenCE OF A HiAGN,."T" ''T.I ID ON MLHB1MOEL•'IMIC COOLING

8-1 Introduction

The recent literdture1 ','2' indicates a growing interest in applying
magnetic fields to certain semiconauctora in order to enhance their usefulness
in thermoelectric cooling devices. The technique of applying magnetic fields
to c iconductors was originally conceived as a mean3 of learning irore about
the alid dtadL paranreters of a material. The most recant work, however, has
been d(± retted toward finding a way of improving the figure of merit of i material
in crd-4r .o improve its thermoelectric usefulness.

In order to place the work cone on this contract in proper perspective,
we will briefly review the pr.aciples of thermoelectric rfrigeratlon.

8-2 Thermoelectric •Efrie nt12D

When the ends of two dissimilar materials are joined together and an
electric current is passed through the junction, V~ is found that hiat may be
pumped from a low temperature reservoir to a high .. 'erature one. It is
observed that the heat removed is proportional to the current, the constant of
proportionality being the Fultier coefficient for the combination of materials
that m.ke oaL the Junction. The Peltior coefficient is 44fined as

From the second kelvin relation the Peltier toefficient may bi defined in term
of the 3eebeck coefficient as

n~. *T'r (8-2)

The perforoance index utuich inlicaitq ho% well a Pefrtigeration device is
working ti macwed by the coefficient of performnce, S. and is defined as

0 Q'/P

In order to find the coefficient of perforcance in terms of .mteri•l
properties, we wil: an•.lye the woel illustrated in Figure 6-1. Our sodel
assumed to consist. of two cylin~ere of sesciconducting materiall In one 1er,
charge Is trmnsporteo by electrons and is designated as an 2-type material, in
the other, charge is transported by holes* and is designoted as a g-type
asterial. We will make the following Jsjumptiono about o.Ar modelt

'a hole Is a con,-.,ý akad tu describe here an electron is not. Seo ary

standard refprs.hnce on s-.iconuuctora for a more uomplete ntplanrLlor.
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1. Heat transfer takes place to and from the rescrvoirs only, which are
maintained at temperatuv - T. an.' T.

2. The device is perfectly insulated except for the ends in corntdct with
the reservoirs.

3. The junction resistance is negligible comparem. with the bulk resistance
of the aims.

4. The arm are of constant cross section along their length.

5. The electrical resistivity, p, thermal coaduuLlvity, %, ind SeeLueck
"effi'ent, e, of the materials m.&king up the couplc •re constAnL.

The energy that is removed from the cold reservoir is the sun n! three
separate terms as follows:

1. The Joule heat delivered to e4ch of the two reservoirs per unit time
is

z fa k-T -- 7Y Ar

2. ' rite of transport at sero-current. heat Osetwn the two reservoirs
is UiT where K is the thermal conductA:ace

i•,'r• A.A.l. *Af, A,/p & T

(a-5)

3. The rato at Peltitr he&4 absorbed at oacn reservoir is sliply

X- . UT Ip. (8 -6)

wh•re ! is the currt t tlowing from the arm to thef .at th.
junetioRhin question.

In order to ev.luate the energy removeo from the cold reser.ý-i .a•d
find the coefficient, oh perfurvincs of the device, the three tenls must. b
siumed. Since in ot:- model the turrent flows from the I1 am t,' he a arm at
the cold junction, the sign is reversea from thht given in bquMtion f81-6). Thus
the heat remved is that which ai pumpe out by the Peltier •rfect minus that
which flows back into the junction by simple conduction Wn the Joulse,. heat,
thus

',. . I , - f VR• -,"&T (8-7)
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The voltage which must be overcome by the powe- source is the sum of the
Seebeck voltage set lip by the temperature difference the Peltier effect estab-
lishes, and the .R drop across the t. :-- t, thus

V%-- d AT "t I R (8-8)

and the power input is siaply VI

-P =oil .6T 1CR 
(A-9)

From Zqution (8-3) we n now find the coefficient oV perforz.nce by
using iquit•ions (8-9) and (8-7 te. yield

T --L: I '- K-RoT
r46T -tf (410

where we have defined a now va.riAble, f - IXR/

Th maller the produrt ýR, the larger will be the ctfficient of perforvance.
Lf we form t: Io L product wt obtin

Who"e~ rn - i AA /I v

By takid the derivetive of 61 with respect to Y/Y W a setting the relilt
equal to tero, we flad the value that i nsiases ts "

Y'-/A At•'>. Ir. ,k 3

The value of KR wiwn Y p has the valu given in &Sju'.on (6- 12) 1

Using heie value of M in IquAton (6-10) ,Aaldt

0 'i " T ' "i' '8.E.,

III

~~~~~+ ! AT q l i 'l l !



where

Z ~ q*~,t ~( \P)J 1(8-15)

it coiled Lhe figure of merit of the couple which will produce tho maiximum
coafficient of perforodnee.

vie cit ii.a f ikw the "xlue of f which rnAXim~iae 13, by taking the d erivotive
of Nquoation (8-1.4) with respect to f and setting the result eq'-id to zero. The
results5 u this i peroLion ore

.P 0p yl -t (8-16)

4znd thus thu optimum current to ae suppliea to the -device is

The L. xats v~1ue of the coefficient of pertci*Arnc% -%y b-i found by
substituting MeAuatioo (6-16) into Iqiuation (8-I.,)

4 IJ~ft  ./)(8-47)

The sax~iao n ett dirae.,e;nia can be found by setting the derivative
vi 'h r-toilsct to the current 1, of Uhe beat plunrVifl rtte Equat~on ( -7)) "1~a
to zero to obtain the current whica sailAlse the bet pa~ing rs..

I - L T,/ R

This result smy be suhstl*.u"e Inot. Squation (8-7) wMeh sky Umn. be sat. eq%&l
to zero to obta~o the %Wsais tw.;per*Lv.e di fterv.ic* m..t~h the ý.UMW eurreat
f loving

whid'h c.&n be further sax.skied by using the ainimes v~w.itu the 31 piW=% InL
the above equation to yield
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It is observea from the above ;7-a.3:.on and Equations (8-17) and (8-18)
that the larger the figure of mierit Z, .... greater will be the coefficient ot
performAnce, and tjo maximum temperature difference of a thermoelectric
refrigera*tor. Lire , and also Smith Lnd Wolfe have demonstrate(' tliat sub-
st~antial impr-'vements in the rilkw? of merit can be maide by apjlicstion of a
magnetic field. It is the purpose of this investigatior. to explore furt'h.r tt:e
deptnaence of certain seziconductor' s properties on the magnet~ic flux density.

9-3 Mhe AD~r~A

Poi-;there does appear to be some hope in improvin~g the :-rtormanoe -32
thers~oe.L~curic devices by applicatior of magnetic fields, it. was decidtv to
construct an apparatus that wou.10 lot. us make measurements to test.i h~s
hypothesis. 'the apparatus we dresigned was to be one whicn 1ý :s simple to build
and simple to opvrato& It was designea to collect data whicb by applic.Ation
of 11arman's te.chnique would allowe one to find:

1. the Pall Volta.ge,
2. Las resistance of the element,
3. the thermal conductivity,
L. Oth SeobecK coefficient,
5s. the Peltier tczr;;rat~urv effects.

Thus, once - test. sampl is insLA~lea in the ar;.,r4t~tas, ^ ýonsidertbl* amount
of inforvation about the test element may be found.

rigure 6-2 shcas a Orawtind of the vacuum c.Ausber arrainwoont which holds
the %pocivinn. Use vacuum chax~ir Is designed to fit between the poles of a
pormanet signetO. The vacu'w chwaber can be evactakatel to a pressure of about.
10' M. Xg. which permits seasuresnts to be made Map to toeqoerturVs neAr
3750 w Aning only te, Jouleamn heoat 4f the elodent. By soaling of f Ot~ v~cuun

comet~ina, t i tv;.41ble to iaal the test chamer with 4 liquiriej It** in
~ aak ewsaurtavtits teolow roe tw let

Use curret. leads to the "ms.conduct~or also support the e m..a..schanacely,
so that the untly co..iuctivo heat. lovses from the Commvts outfsIde of the
current Ieee, are the thermocouple Lomas.

Usthermoncouples consist of OJ.UO in. diareter c'otus1 and consLantan
wires insauiated with t).Oul In. or ivilon. this umbainea-.on -a( ..Ai~rials was
seletted becos It. orvrsr gnoo resistance to heat tr~nsfor. 1nt1:j 4.1.
1eads were comncte-' to thoeulement by means -i a sIVer-conduoji.1.e epoay
this amtorial proved .a be czemsletely unsat~isfatWry as its rssirlanc# was as
suach as Y4J times thL*. of the %tet Velsoen and fell considerabl~y sort. air hakving
the properties clAised by the imAnufacturer, Test elemenO4 ar" n&,# being nickel
pt4.t. arA contvactions to the ,ilesonts will be made with oc'i. solder in the

$LIt can olso be usd with an *IqctI v.nol* but. we decitied to kvvp the arrangement
asS IM-,ie as Pos$)' .* flitaialy And use A perManent mignet that %as "-re. IS On
hand.



usual fashion. All thermocouple leads are electrically cor,nected to the semi-
conductor and can also be usod 4'.- ... " go measurements.

A jig has been constructed to hold the semiconductor whi..t tne leads are
attached. A schematic of the test sample and the l.!ads which are attached to
it are shown in Figure 8-3. after the leads are attached, the dist.,nc* between
4 and 5 must be measured accurately using an optical comparator. This measure-
mmit is known as L' and is used in mjking the resistance cslculations. 'The
tes*t rig has built into it an aligning disc which is used to position the semi-
co©ie'actor so that the width dimension is parallel to th magne.tic flux lines.
The thermocouple and current leads are leQ out of tho vacuum charber by means
of SL%•)a.ff connmetors.

The vwcuum chamber is then aounted inside of a plywood box u,!rh has a
peg board front; the front of .no box serves as a s•itchi.,, area for connecting
instr-asntation. The box also tends to isolate thb experimental arragemnt
from drafts.

Sarly in nr work we devised a scheme which i. • oditication of the one
given h Harman to y•eo the informition which is re-jured to detect the
influence of the m.lgneti•. fitld on the material properties. We are primarily
interested in detecting chlane in the figure of w*r-t ." a single material
which is dufined as

S(e-x9)

Let .us consider the mal depicted In Figure "-4 where (s) denotue the *#eA-
cotductor am~ (a) the cWrten 1-.40.

bw total eneru "is ifto the solo jwwUtl can bo '*rlttoo a.

AT. - 'r , /

AM 5fl+,ly ",r Um met j.nction

. A (TA- l)

'~ ~~~~N ArA I lll'ill!



Fourier's LAw of heat conduiction, says that in thn steady-state the heit

out of the element mus equal L. 4 - -t into the element plus the heat generaxed
in the element

(8-22)

with th-e bot'vid*ry conditions

T - T aat x- -/
T - T H at x - +IV2

We find as a solution to E'-.dtion (8-22) and its bowid,.:v uonditionb

___ % - TItT. t i ] L4T i- ZI , t -L- I T L.4-- T, t l •(-•
L .2 ~ AAA(8-23)

and at x - -W12

T I's L TM "L

L (8-24)

and at x - +/2

(T 
.)-T(

Substit|ting KIwtion (6-24) into (0-20) we obtain

_ TrzLL A T (r-r,,)

6LA )A,, ' 8-261

and substituting hjuition (8-25) into (a-4) one find*

,A, TO I , &MA L AA

IA- AA- (8I-2?)

A milar set of 4quatione can be developed tor .he current leads to yield

S( T
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and

_" - A.m I + r -.
Am (8-29)

Applying the conservation of energy to each junction, that i1

qrm "qlaHand

we obtain for the hot junction

"at CT,,- L,.

Am )TMI- + +) c -l (T, -T.) 0
(8-30)

and for the cold Junction

(8-31)

.wmbiudng E•K ations (8-30) and (-31i) Yie•ds

If the current Lsas are m.ee of a oemson material, then the thersal
@owtuctivity of that Ateari is gesmrlly known. Itwever, an e*erimnt•l•iy
deteeraned v&lue can be fowid by Usaein the eawle with an AC voltage, in
wthich &oss - T anM £mq ion (S ) bo.os

"1r. - - (T -FT,)

,'9



and Equation (8-26) becomes

- ~ L
2 Aý (8-34)

since conservztion of energy requires qs 5 qm, we obtain

SAt -. 2- A

or

AVA 2- (T--T,)

(8-35)

where

A;M` (8-36)

Thus, to find the thermal conductivity of the lead material requires that we
know the electrical resistivity of the senmconductor "e a function of
temperature.

We may now find the thermal conauctivity of the semiconductor from
Equation (8-32) as

= IL (T;tT.)f ,, _ A L A,,.
4 T 2- A-AA (8-37)

but (T + T )/2 - T and c will be negligible in compArison wit)h r-%
iquatign (037) May be aptroximated by

AA (8-38)A. ST zR.,. (-•

which is thie sare as HArmAn'3 result except for the lead tjnms.

In order tv determine the thermal conductivity by Equation (8-38) it is
necessary to know a and 0 . The latter quantity can be determined by AC me.surse-
monta but the forr 49 requites both 4C -id DC measurements. These me-eu-ements
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are made using the combination thermocouple and voltage pickups. Figure 8-5
illustrates the experimental arrt. •"vt which is used in determining the
Seebeck coefficient and electrical rets.- ivity of the sample. We use the sub-
scripts cr to denote a chromel and co to denote a constantan thermocouple.

By impressing an AC voltage on the sample the temperature of the sample
will remain uniform. The voltage drop in the sample io the length L' is then
medsured with leads (4-5)co or ( c-5)cr

VLI - (v4,_ 5 )co - (V4_5)cr

and

vL (3- 8 4)Co - (v3 -8 )cr

Then at the measured temperature the electrical resistivity is

VL, A5
I L (8-39)

By impressing a DC volt.age on the sample the Seebeck coefficient can be
measured. The Seebeck coefficient is defined as

aT

where

[2(VL + V Vij t4ttdT( -To)

and

V L (V(3 -8 )Co - (V3 .8 )cr with the current in the positive direction.

V (v ) t
L 3 8)Co -(V3 8)cr with .he . ',,v,,. . i, the cmaga i e dirte tion.

V (V 8) c (V3-8)cr measured with the AC voltage impressed on the
s;4p0e. -8 cO

o•- the Seebeck coefficient of the thermocouple lead 4sed for the
vhitage drop measurenant.

Ur - (T TT) the measured temperature difference caused by the DC
current



In order to maintain consistency, it is neceoeary to measure all voltage
drops with thernocouple leads of tV --ime -aterial - that .s all voltage
measurements must be made with either c. Ael or constantan leads, for example

, ' = t ( ± (v <. X < ° o t V J - , ) -,,i c, < o > , & ' • T

The sign of the Seebeck coefficient depends on whether or not the Seebeck
coeffictirt is plus or minus. Note that the average DC voltage drop must. be
found bv tking readings with the current going in both dire:tion, '.n order
to elimrnate the thermAl W induced by the Peltier effc',t at the junctions.
V is the voltage drop measured 1,nder ^C conditions at ',he dverag' temperature
oi the element, i(TH + Tc).

The figure of merit can now be calculated from the thermal conductivity,
Seebeck coefficient rnd electrical resistance of the element. This analysis
has neglected radiation and cond.ction heat transfer"t6 and from the element.
Harman0 has indicated, however, that such effects are generally considered to
be negligible at or below room temperature.

8-5 ResuJt

As of the date of this report, final reassembly of , apparatus is nearing
completion. Problems ascociated with the S4 vsr conductive upoxy resin caused
deoLys not anticipated in the original scheaul.ing of the experimental work.
Preliminary work done on samples before the epoxy problem became critical
indicate that changes in properties caused by application of the magnetic field
will be significant.

"" " II I i -r n - -,"Ii IIl II
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Nomenclature

A area, cm

B - magnetic flux density, gduss

f - fWe/t, degrees C

I - current, amperes

K ýh arwral conductance, watte/C

.9 lea4 length, cm

L - sample length, cm

L' distance between thermocouples 4 art 5, cm

P power input, watts

q heat transfer density, watts/ca
2

Q - neat transfer, watts

R electrical re.istAnce, ohms

T - temperature, degrees K

I - average temper~ture, J(TH + T a), degrees i

V - voltage

x c coordinate

Z *figure of Lerit, (degrees K)- 1

S " eebeck coefficient, volts/C

* u coefficient of performance

Y ratio of 4rea to length, cm

X thera ,A co•uctivity, watt/ct--C

wT Peltier coefficient, vatta/aW

P * electrical resietivity, ohs-ca

94



Subscripts

a M lmbi.fnt

C = cold

CO - const.Lntdn

Cr - chromel

H - hot

ha "c-wrent lead

l•ax - mixmum

mixji minim~um

n " due to electrons

zpt - optimum

p - due to holes

S ".- Sple

t - thermocouple
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Section 9

DhCO•iT,±•.. . - P K' DIE.ECrOHOSio.S

9-1 Introduction

Interest in finding ways to remove contwtdnttlng particles, osn the order
oi" 25 microns in diameter, from fluids used in various systems has grown to
ccnsiderable proportions in the last few years. Th:s gorwth is du=., to a large
extent, t.o the i.rowing complexity &Wd sensitivity of systems to c•ntamirAnts
which a few years eiu were considered tol..zable. In trying to find ways to
revt i.,oese twb..ttea ateriAls from a fluid, invest!ators havi. - nught means
nf --41nin body forces to the fluid-contaxinant 0A vre, which would result
in a greater force being exerted on the cont4iwinating rkrticlem than on the
fluid and would, therefore, ce'ntinuously reaoucc the Loretnt*on .i
contaminant.

There are two electricil forces which can be used to achieve this goal;
electrophoresis which is aiscur sed in Volume 111, "lon rUrag Presswauition,"
*nd aislectrophoresis which will be considered in this section. The
ailelctrophoretic force would be of ute in rsmvij better which polarisso when
situateo In a dielectric fiuid. Pohl has set fo. , in a very clear manner the
difference between cielvctrophoresis &W electrop.aoriois. us briefly sutasrise
his wora here.

Utelectraphoresis arises because of the trndency oa ,%olariaeG saterI.l to
move into regions of high field strength. Itv salient ttves are as forlowst

1. It produces particle motion inaependent of the direction of the field,
therefore, ,A or DI voltag•es ay be employed.

2. It is most reacily observable In coarse sutspenusoin - ',at is with
particle iauLeters greater then 2 nieros.

). It requires highly divergent fields.

4. It requires hi.,h electric field strengths ,kith fields ýroster than
MWA volts/**,

5. It would be most ap•erent In fluids with low viscosity.

6. It. gener*1ly rejuires a L.r~o eZ':rrencs Ae - I1 I w2 - 100) in
dielectric constAnts between the solcont at the solute.

7. It will deposit weights of heavy cont4airanLa In dir*4.L proportien
to the voltag applied in eW4Vl times Of deposition.

&.Mctrophoresis arisift from the electrostatic a'tr.-:tAon of charged
j*art00e*e for coarged electrodes, an the other ham, It ch •atoriuem by the
following foaturect

1. IL pro(e.-e particle aoti•n ktich Is 4epe.Went -.0 Ute Cf.r, CL., of the
fie'a. "verwl of U* fit!.. reverses the direction of trevel of the
particles.
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2. It is observable with particles Of .4nY &O~ecuJ4Ar size.

3. It oper..tes in either unif .rvergent fields.

4. it requires relatively low voltages.

5.Xzeuiem eatiey~ ll charge per unit. volum~e cf particles.

host of the worac using dialectrophoresis has been concern*d with~ the
sao.ar,&tion of powders of uiff.orant. rliop1ýtr~ const&nt:' jsid wi.th some batch
separ.-Ltion of Xi'.1uis1g~ 2s3,4. It is our intent, initi~&lly, to ar..1ytically
explore Ume o.hAsiui.LlJty ol us~ing dielectrophow~iis to remove cnnterxin.nts aq
small aL% 25 ticrons from a fluid; this worK would be fuLlotsd by ~la.e everi-
sents cz.:"rýJ to verify our uwnlysis.

9ý-2 hjlult gL&t [ ~ u

3iewv beginning work on this .ublert in April of this year, we have begun
Ad~yt)%c..l oxAadinations of the follavinj proibleas

1. A determhinationl of the gradient. of a non-uniform electric field
b-stween concentric cylinders, divergent ConC. _iC Cone$, Concent~ric
spheres ano divwrront plates. Iheso problem. arv ispOrt~nL b*c*Ug*
Ume oiaeesttophoret~ic force uejýends on the 1ero.ie.fl of the electric
field4 r.&Ui~r then thes field strov.th itself.

2. fhe force acting on a sp~wric*1 varticle in a noft-%Ai-'.vm el~ecric

field.

).the '4~aaa~ - partik:1 in 4 hyarostatic field.

4. 11e motion ofra particle In a force (&*I* censistIP4 of en l.ectrie
force *nd viscou, 44r*: rorce. (he :V~ItsL M" this &AaiLre1s i$ a *O
ordtrj, thiN d4,lrwe U Oiferev-til eqiation. requirin" in all. Vkielihiod,

a AewinWI1 solutionl.

Ac~laideration or the 1"jiltud. of the hWU -tfect in -rao-4e
Cqnmifant(&v i% e urtes in order we lAe4.** ~ r whlic caftditikne

mahst liii forte be Laksow Into *ceoaant In 01tieectrophorutit o,_-ln

In Urn maut phav of our wr wt hope to -tomplot tam anixlytitcal vwrk
start,*d and dicirn.I 1i 3ection V-2. JA addition we hope to desai. aa typeri-
viental &Apaftiats whicl. %"-ad a~iow uas to begit% the verificAtkon of theorftticol
wora iWis by others int this area..
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Section 10

AITENUATION OF ' ur.' SURGES BY APFRPJJ PIPES

10-1 Abstract

A tapered pipe changes the magnitude of iapre5sed pressure of volue flux
pu.ses, much as an electrical transfoe-mer. It also distorts the pulse shape.
depending on the geometry of the Laper.

In tisai 4ection an analysis i nude of the propagation of a short pulse
of volumn flux through an inviscid liquid that is ir.itially TMhwing at a con-
at.A't W2 . Su•i a pulse would result in practice ii a wivve st the disichtrge
ria ot the tApered section were suddenly closed then su,:Xenly opened. It is

shown that a correctly orientes, taper can reduce the resulting smr!p prescures,

104 Introduction

If a valve at the end of a pipe through which fluii ib flowing is suddenly
closed, a pressure wave is produced which propagates upstream. The tugnitude
of this pressure wave w~y be very great and cause -"hge to pipe and fittings.
This can be a particularly serious problem in pip# L£'1 e used to t.%tnepi)rt
cryogenic liquids because metals may be brittle at lw temperatures and subject
to fracture.

The purpose of this section is to analyse the eitedt #-f tapering a section
of the pipe in order to re4ucs the magnitue 'of the surges. At this tims only
surge: (or "pulses") of short duration will be considered; we hope to carry
out an analysis of loni duration pulses at a later date. The present work wifl
apply to pressure pulses that result ahen a valve is sudaenly ilosed and
suddenly reopened after a short intervil. Paynter and ESekiel made an
ApproxJite analysis of the tapered pipe by breaking it into sesEral uniform
sections, but the pritoent aaalV4is is more exact ard shows that the shape (or
dietc:ticn) of the pulses depends on the particular way the pipe I tapered.

The lquid is &sowed to be invisaid. (We hope to rem-.". G t assumptlon
in subsequant work.) the analysis also assumes one-aiarnsional flow, which
restricts It to tapered pips in which the changes in the lateral dmo'nion an
smill compared to the correspt -ding changes in length2 . A rigia . " also
assumed.

10-3 hak bm itA•
The flow of o coepressbie Inviscid fluid is romplwtely described by the

following equationas

r - - V p
,t

UlO-1)
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Continuity

v.P•~J t •=

State

K=P
(10-3)

whr'.e w 4s the fluid velocity, p is density, t i timae, p is pressure, and K
is the isothermal bulk compreusion modulus.

The usual acoustic apprcximation will be made; i.e.., the convective
acceleration is neg4gible compared to the local acceleration and the variations
in density are smaliP. For liquids these assumptions are valid for all reasonable
fluid velocities (say, less than 40 ft/eec) and pressure pulses on the order of
thousands of pounds per square inch4 . With these assumptions the axial com-
ponent of the Suler Aquation (10-1) becomes

C) X df(10-4)

where x is the axial coordinate (Figure 11 -1,, P is the mean density and u is
the x-component of the fluid velocity. Sinc-9 on-dinensional (plane) flow has
boen assumed, p and u are functions only of Y and t. Averaging Squation (10-4)
across an arbitrary cross section of area A(x) thus give.

A A(o ) , 11o

where Z(x,t) is the volume flux at x, given by

~ ~A

averaging the continuity Uquation (10-2) over a cross section of the
chtnnel, and utilizing the equation of state (10-;) to eliaminAte density gives

A(10.P
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Equations (10-5) and (10-7) are the basic equations describing pulse
behavior. Their derivation is disc,_'- .-. greater detail in Appendix I.

Initially, the liquid in the pipe will be assuned to be flowing at a
constant rate q in the negative x direction (toward the valvR). Ahe pressure
in the pipe will be assumed to be constant, with a magnitude p . p will hence-
forth 'je regarded as the difference between the actual pressure and po"

It. will be convenient to define a new variable

Since q(x,O) - -% the initial conditiorsu for q and p are

q(xo) - 0 (10-9a)

p(x,O) - 0 (10-9b)

The boundary condition at x - 0 is that the flo'i is suddenly stopped for
a short time T and then allowed to resme at its ni .i rate. Thus

( 0 t O0

q(O,t) % o<a,<

0 r < t (10-10)

The second boundary condition is that at x - L the tapered pipe is terminated
by a very long rigid tube having a constant cross-sectional area A(L). This
boundary condition is utilized in terms of the acoustic impedance et, x- L.

10-4 Solution o• ouations

Squation (10-8) is substituted in Equatti ; (10-5) and (lv-1) a&d the
LapiLce transform is taken of the resulting equatit ne in •onJunction with the
initial conditions (10-9). Theqe operations give

d X

ctQ
c/o C - c sp O'l,52



where P(x,s) and Q(x,s) are the Laplace transf-rms of p(x,t) and q(x,t), and

A-- Po (10-13)

_ A n)

(10o-1)

The Laplace transform of the boundd-') condition at x = 0, Equation (10-10),
is

Q(Os)=-15)

At x L, the boundary condition is shown in appendix Ii to be

Z (L-, (10-16)

where Z(L,s) is the acoustic impeaance at x - L, and

- A(4) (10-17)

= A(L)K< (1o-id)

1h. most convenient form of the oifferential eqs~P& ;., vi .4mo U
differentiating aa combining Squationm (10-11) AnK (IJ-12), gi.ir

where
C/

d 0
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a solution will first be obtained for Q wAr then the inverse Laplace
transform found. Using this solution for Q in conjunction with the acoustic
imped.nce a solution for P and 1,.6 -.. ",. se follows easily.

(a) Volume Flux

Following Stapelfeldt 5 a solution for Q of the form

Q = c e-(10-21)

is atw3ui~ed, which when substituted in Equation (11-20) gives

CS/',./,; - ;-.C S,; C '.5
/ C (10-22)

This is a Riccati differential equation in [ which may be solved in terms
of the power jeries

7 (10-23)

Substitu' ing Squition (10-23) into Equation (10-22) aeA equwting coefficients
of like powers of a gives

6-
2 3a

(.0-24)

where a ±1l. a - t corresponds to a wave traveling !n the +x direction and
a - -1 corresponds to a wave traveling in the -x direction.

Since C is an arbitrary constant it is permisble to take

(10-25•)

Thus,

(10-26)
IV7



From the boundary conditkon at x 0 0, Equation (10-15,

(lU-27)

And
C =f -' -L/-'

"Q (10-28)

w)ez. *he superscript + Indicates m 4-1.

The acoustic impedance Z is defined by

P(-. 5)

(('" s.) (10-29)

Differentiating Z and utiliaing Squations (10-Ul) and (10-12) gives

dz is
-T "0 (1o0-3o)

which isa kiccAti ditffrentiol equation. For a solution 'Qt

(1,.31)

Inserting this series in qiation (lu-30) and oqu•itS coofficintm of like
powers of a yields

IT I "F .3" (3•-32)

WIrV a S0 +1 #,iV*s Ot i~pdWlCc ror ;A- tra,&.1PWg in t.he +x dirw'tion" .,I

a - 1 Is that for a wuov tal•eling in the -x direation.

I ;4juatlom for I .;nd Z ar employ"d to detroalne thu % Ame flux at
x - L. Note thaL

'(4, s ) d0-33)



The quantity Q(L s)/Q÷(L, 9) can be expressed in terms of the terminal1 acoustic
impedance Z(L, s) as follows: At - -T

Q ( ) (z) S Q (z S) Q 66,5..) (10-34)

where the superscript denotes a wave traveling in the -x direction (m - -1).
Also

(10-35)

(10-36)

Combinins EquatIons (10-34), (10-35) wkd (10-36) gives

(, •) Z(z..s) -z (4,. (10-37)

In tn•n o t the "eriet solution for 4(x, *)I , at4on W1.. -3•)

-~~~ ~~ I ~LfU

C IL

I (IT .2) -t ... (

-.:a i, 3txt



Gonaldtsra].6 simpl.ific4tiofl of t.he equdt~iori ise possible. Note th~it

C,.
(10-40)

V

andl

where &j ý. the velocity of wave pjapt#.&.xiof. W'iLth '.no intrs.muctdof of

LA (4.) (CLJT"-

The iftf~tsq laýL6c* tnrauform of k"btiof (10-4)) In

~(*~L x~ ( (S. 1t0



wh~ere

(10-47)

(10-48)

From t.hu~rchill16

(10-49)

where J &w J tre bessel functions of araer serao nd -1rcs For swAll C,
co~rresp8Mdin8 10 3hort puLse.5, the bessel function~s MAy be expinded in a power
sories AWnt on~ly the significant terms retoii.A.d. rhtas,

III* qu&ntlt~y ( j = ) in frvQ~tiof 041-1A0 ch.*ea' the
cistortloi O vv .n !ht pulse. Of sikentticant inter*%'. from 0- 'e-cwpoint of
on electrical 4nialoo~v, is that, the qisturtion inwic4tvi by &1uj.~tiu. (lu-50)
correspoid to the linitiaA slopv crijerion* th~At I- si boen use~i to ov'Aw.to
L.&,,vrwd olvctric-l tr-an.seksvor~ lines[A"

ao.t'% tng aid of bh'sation (~-)kq'Jetitks (I '-46ý fq -k pt ir ývrms of :

]AO 

SI

bq"Lla lot i~u-itrAtvd I Fi--rt .9 t~r. rAW> (



The pressure pulse p(O, t) corresponding to the valve closure m~y reacily
be found from

(10-52)

For t < 24/a there will be no reflections incident at x ( O, so z(0, a) - (0, s),
where from Equation (10-32) with m - +1,

s)~ ~~/ -e -0. ,•=•,

(10-53)

Thus, with Equation (10-15)

Peo. ~C riAo- J • .

(1o-54)

Tliking the inverse gives

i~~~ ~~ ~~ ioi4 i•il- ifl

F~, .)=,4(o s) / • ,

4(L,e*) Is divvn ýY L.luaa~ton (IO-3) sand 4(L, a) by EV~&Atwi '10-16),

ot (lO-g)• ., Itn (.~fA r A,< Y&,. A

(11T)
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dna the inverse is

7'(~t)~' tAh)~oJ'~(F ( F) -,

(10-58)

The presaure dt x =0 and x -L is illustrdted in Fieure 10-3

10-5 Ldstor~ioa-L

1% -41~ tp of j(L, t) and p"L, t) in Flý tre WC-2 uri,; 10-3 rý--rtsert
Lh-~ u.&stort~ion produced by the ta.ered sotction. It i~s yener.Allv c-ily ",scl
ch~rire in the pressure, -ind 1.- not 3ignit'ic~ant where ta~ni'-ni af the surge
pres.3ure is of p~rim~e in-urt-il,ce. The distortion c.!tn bc .r-tcterized by the
sloue m f tha pulse As given by

(10-59)

Fram icIu~tio.n W1-50)

and k. c~l thu.i~ 4-j eA~iy c*Icu&1.ted for &m~y t.*pt funst~on #k(x). For eliampl..
it' th-s taj,rtr i., liriu~r

(OU-61)

(A'0

f. low L.
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10-6 a~ttenuation 21 .ýue Lrt:..ua

Qf itost imp~ortance in the design of liquic' tr~nsfer line-, i.; the mixi~urnk
.iuree pressvre th~it woula be trinrsmittec1 thrjuiuh Lhe lln,ý when the 1'10o* is
suoueniy stappea. This would bt. Ia) nd from Eqi~ution (IJ-57) this ib

P - A) w~(A.LA (10-64)

an.I is indicated in F~igire 10-3.

It is psrticu1irly :LzportAnt to cozmp~re the pr-issure fiven by &Au.*tiafl
(10-64) with the pressure th.it would toe c'z'iv1ape if' the t.%ppred ..ection were
alst ý-id t~he t-ipe hi~o . uniform cros-05se~t~iOnra 4%-" A(L). F.-Tý the tedtorv..

and the rAtia is tnus

kJquatjoa (1,j-6) %,4ikv* iL ývlv~nt, if a L*A. . to be torttfbaton4 by t
*1u~ck-clo'tinz wIvo tit* iurCu pruir cu' to dvere&%aavtl baldinZ * L-Apr~d
t" cticl that has the larger eid 4&L the valve ioA(L) -C-0)

It stvj~da *Is* be noLice~a that if *vrge pr**-,rea *4,twla b- *%t'J-,,O on
the b~sis of a w~iform N -ett pip*, the .~ti r9%4urz wa'414 t'e renater
if .a varlve varv I*&-jes t.§ t:- -j~ t3.hS o a t.A!-v4~ -. ction -ni1 the meeailer
end wer* at On* vil~o.

Ebt isL.-Aht outlin-d horv I~ PWt ane taatv- Ij 4q;r.'rC4 U,40 ýJ W 14
4jr~atwi P4l*VW bVC'aUVV thw,' emktdn iiFr0e j erao-r A.-Qt*"ncLts e"?

which Um~ ý.!flCatvw orri~ef ~laAt'iof t'r of b fr- N,4c---y s art iot

tconvet~ronL&". to vneLttid4 praez%.,r- N.r 1-~L tul;M# Aii t" *saw As
Icar sho'rt iul1- iz C I/&), "o 6j~mUtin 11 'r% tr."'-t* %"y or -t
V41 lve .ft

LA ,.inor d (.civncy of' the vitUhod Is that is 4e"s~Q i~ttp into accoun~t the
kniti~al sdenili;a~ pressure vafI-Ati@ if it he ta4red tootVft. This, however, Is

ir 'vo5.Ariwonf with the suarge pr*ssiir*9.

kiuth work r, 41 Tes.*A6% to be do-e. the etlect gr fric.iot% should4 be
QVdore*3. ol. , t.v se~pq ~f kmks f. Ise$ shOG&ld bes itv;.Stigaw. - SW. as
sterj chnw*e. i, flow.

W,.
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Nomenclature

A(x) - cross-sectional. --e-,

a M velocity of weave propagation, Equation (11-42), ft/sec

b M slope of linear taper, ft-1

bl~ 0 ~l - coefficients of power series, Equation (11-23)

C - constant

c W A(x)/K, Equation (11-14)

0 _waae of natural 1.garithnai

F(C) -inverse Laplce transform, Equation (11-48)

F@%t) invarioa 1-aplace transform, Equation (11-4?)

f0 ,f 1 ,f- 2 -coefficients crf power series, Equation (11-31)

j integral defined by Equation (l 5

J0  Bessel function of order zero

0i- Bessel function of order one

K~ isothermal bulk compress" )n modulus, Lb/ftt

L -length of tapered section. ft

A - 9/A(x), Equation (11-1.3)

a 
- 41

P(x, s) -Laplace transform of p(x, t)

p(X, t) - prossurej also pressure rise above inS tial pressure p0  lb/ftt

pO initiAl pr.& iare, lb/ft2

QOx, s) Lapl~ace transform of q(x# t)

q(x, t) - (x, t) + %., Equation (11-B)

j(x, t) - IolLes flux, ftO/sec

% initial vol'me flux, ft 3 /8*e

k radius ofpipe, tz

r -. ctl oordi.1ite, to

316



*u frequency

t - tiasODsec

u - x-component of velocity: ft/sec

v - r-component of velocity, ft/sec

w - fluid velocity, ft/$ec

x " axiA. coordinite, ft

Z(X.7 -) M acoustic impedance, Equation (11-2-9)

fl (X, a) - exponent in solution for Q, Equation (11-21)

- slope of pulse, Equation (11-59)

* - density, alug/ft3

0 0 man density, slug/ft

1' dumtlon of lve closure, *so

* a pawrticulIr valu of time, see

Superscripts

I - value at X - L

+ wfVe travelSAg In 4f direction. Also, a ;wa v c. inervmwstal
•Amwnt &med to a val.~e•i

Otber
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Appendix I

For convenience in developitg".d ...ions (10-5) and (10-7) the line will

be assimed to have a circular cross-section. Thus A(x) - ?TR4 where R is the

radius of the cross-section and dA - 2ffrdr, where r is the radial, distance.

xveraging Equation (10-4) across the croas-section givoe-s

R

AX 1.0x .t .2C* / (10-67)

=-iuf p p(x, Q), and R - (x), Equition (10-67) be~comes

(10-5)

Avera~gingE Vquaion (10-2) across the cross-section and emiploying the

asemption of mall density changes gives

R R -R

A 60). -) ") *41(5)J f, - 1 Ar-~,,~ j.Z'P (10-68)

wher v is the radial eompoent of velocityi. Carrying out. the integrations
yields

(10-69)

win" 0 O(za 0 from the &aaeution of plane flow. From Fist'- 10-4, whic.k

indicates candltims at the wil(r - R), it, is evident t~hat

cj~c 70)

heUtittifgt WS IA Squaties (10-69) gives



From the Equation of state (1--3),

k 'C'-72)

which when substituted in Equation (10-71) yields the desired Equation (10-7).
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Appendix II

For a, rigid tube of uniform cross-sectional area A(L) the solutions to

kquat'Ions (10-11) and (10-12) are

(10-73)

" r) /T L e i ?(10-74)

where A und B are constants and L < x < cO . For an infinitely long tube

there will be no reflections, ad B must be zero. Thus, the acoustic impedance
is

(10-73)

In~ electric transmisson line theory is known as the ShcseAL

~imdonctZ a



figure 10-4. Tapered Lira, I~lIU~atting Coordirowtes
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~(0~t) i______
'a a

qO 0)J

Fidurg 10.2. V~~arUtoen oft Vn1~muo Fluax With ?il~t at. %.I* bis at the



p(O't)

p(L~t)

L

0- 4 t

figure 10-3- Pressure Vrilkt@oa at bob of the ?s~.r.1 SMGU~oi

R

rigu&re 10-4. Velocity Goq~w"tit at the %k11 of Uws Tapered Urn
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