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2 . Cl•aracto1·.1.st ic~~ of .\e oo..tecl 0hocl: ,.o.vc:J . 

UnlU~c sin:~lo shocl:: I/CLVe8 (as ~;one:-· :._,_ terJ by o.:;;:_Y)Jos ·.ons, 

nucloo.J." blasts, etc.) \'Ibi ch Pl'opn ,.:;o.te uith ~I"· e o.to~· t h an 

acousti c velocity, r enoa te d sho c l: Ylaves travel ';:i th 

app roxi·1ately the normal sneocJ of sov.nd. The re}leated 

shoclc r:o.ve has a snrJtoo th for111 o..nC is s table e.:;: c cpt foi' a 

gr8. dua1 attenuatj_on in am,lituc'l e a s it ~)l>o .:_:; l·es:::e s further 

fro ·,1 its source . 

The sawt ooth form of the shock rrave is proc1uce<J by 

c13.sLortion of a lar ·~ e n.:nnlj_tude sound nave . If t h is Ylavo 

has sufficient anp l itude , it wi ll develop into a shock 

·i:avo ro c;o.r <-lJ.oss of its :i..n i t:1.al f orm ... This is due ~ o the 

fact tha t the cr ~ st of t h e soun d wave trav ·ls at a creator 

velocity than the trou_~ . The initial wave for~ 

pro c ressivoly distort s finally bccorainc; a sa1.Ttoo th r.rav c at 

vrhich poJ.nt the sho c l( f :..,ont is f uLLy developed.~ ~.1his 

p ro _sres r:; i s shorm in F it; . 1 f or an i nitial s5_ne wave for~:n 

The di s tortion of a hi c h amp l itude s ound Tiavo into a shock 

uave c ~n easi l y be observed usinc a pres : ure sensit ive 

,robe or mi crophone and an o scillos c ope to detect the 

sound y;a vo as it j_s l)ro)a:;ated dovm the tv.bo . ..:'~ ... t tho 

~Je[~innj_nc o f tho tub e t he normal vla v e form is observed; 

further a lone the tube the sound YJD.Ve f or ::H beco:1.es di storte cl 

in the diro c tion of a sa\'Jtooth for.11, finally, at some 

fln.,tho:' portion of the tube tho shoclc front is fully 

c.ovelo-,..,ed and a sa·:rcooth f orm is observed. 
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by E:tn,_; OJ.. Tre response equation!"~ c~, 7) have Leon 

deveJopcc~ fro:;1 :~n.i. tial theory and are bcse( on the 

consel'vation of ener:.:..;y. The di ffel~enc e bctueen the 1'~.t.e 

of heat input t~o the '.1ir'e nncJ. the :·ate of heat loss of the 

chant;c of sto::.'o cl thermal ene1'-.~Y in the nirc. 

·:v - H = C ( dTv1/ dt) t 1) 

v;here: 

'.V = Heat in nut to wire per urdt ti111e 
~ 

H Heat loss of vrire peP unit Li:i:ae 

c - Heat capacitance of \Vire -

If R17 is the wlre resistance at a tenmeratuPe Tw in 

°C and 11 i 11 is the heating current , then: 

. ,, - . 2'[) 
.v - l .1.~\'l 

Kine; (1] o;~pressed the heating loss as: 

r;here: 

L - len8th of IYirc 

Tn = te1:1pe1·2.. ture of '\.·ire in oc 

Ta - tem·Jerature of air in oc -

lr = thermal conductivity of nire 

cp = s pecific heat of fJuic 

~ = density of fJuid 

6 
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Dy c'_e fin t n~ : 

= c::...a_ ,cte::.'"' of .:iJ:e 

1.1 = velocity of fluid 

1" -\. - kL 

Kin_s 's CX:!J:i.'"' e ssion for the he:=ttint.._; loss boc o~les : 

' H = (Tw- Ta) (A + B 'V;ou ) 

A simplification for tho study of flui d motion r:here 

equilibriu:n can be as ::::n.rr1ec_ allorls C(dT.w/dt ) to eqval zero . 

Therefore : 

W - H - · 0 

or .. 2R :: -'· ·w 

Unfortunately honeve r1 due to the rapidity o.f the 

variations in tempera ture, pressure, and fluid velocity 

under repeated :plane shocl;: waves equ.Llibritun conditions 

do not occur . Therefore I:inc:; 1 s c:::~p re ss ion :mJ.st remain as: 

(6) 

The ma jor difficulty that exists in applyin~ hot-uire 

anemo·:"le try to this study is tho inherent lag botvJeen the 

response of the nire to a velocity change and the velocity 

chan': e.. In previous app lications of hot-vJiPe anenometers 

(1,2,6,9], pro-ocr el ectronic co 11pensation \"Ja s introduce d 

into the amplifier. Tho usag e of thi:=l r-1e tho d ha s proven 

very satisfactory in turbulent flow· fields nhere the 

variations in flon uere ninor as conparod t o the steady 

f lon field . 11 .. nore recent C.otornination [7) of ':lire t .. i..me 

7 



I'ovlc"c s c. j'~Cc:.!J S o: ~,tuc~yin sin,_jlc shoe~~ !1hcnonona ( 2) .' 

Iio·::over c1ur.~.ns l...,O!-~eo.. te( shock ·:.·aves stcncly flou c onc,i t:Lons 

a r e non-exis tent. 

Thin thesis c1encri be s a ~::oth oc1. of clctermi ninc; a 

qua litative dcscrintion of the floTI field in the tubo , l 

nhich r:1ay be extendec1 to CJ.Uantitative lmor;led~·; e nhere 

aD-·1licable . 
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'hG cc~u:L :' .wnt v sed ::;o 11ro c'uc .... ho Hi }-: intcn:, :L ,~y 

S011J'l<l cons1s ts of n 15 'lor se·:;oYIOI' e 1 eccr ic j,wto:e Lh•j_vinu 

an o..lr co'o1i""~ res s or, c apo.bl e of coli v erin. _: 1;.00 cubic feet 

of ai r ~er mim1te at p r es su res up to approxinntc l y 4 psi : , 

(7 p si a vailable for shor t p eriods) This florr o f ai r i s 

cut by a n electrica lly driven rotary chopp er pro duc in~ 

al te rnn t o rarefactions and condensations in an a d jus t able 

stan<lin~: Yrave chmnber. An exhaust pipe fi tt·~; d to the 

stanr1in,, -;;_·ave chamber , in co~·-:binr~tion uith t h e plu ·~,·;e d 

c or,·n stroa:~l e nd of the propagat ion tube, e limina tes the DC 

air flovr. 

Fis . 2 is a schematic dia.·; rar:1 of the entire 

experimental set-up. 

The propagation tube is a 30 foot section of 

re ctanc~ular sear~1less steel tubins 1-:i th a VIa ll thicknes s 

of a';proximately one -ei '_~hth inch and r1i th i n side di 11cnsion ~; 

of 1-l/ll by 2- 3/li- inches. The dor;nstream en d of the t u be is 

plu ?;~~ed . A ter:11ination consistinc: of the l nst ei cht fe e t o f 

tubing was filled with a fiber- s lass , nedee-shap e ~ absorber 

to reduce reflections. A test for tho existence of 

standing \7c'.ves ,-:as conducted by pressure probinc; ev e r y 

inch of a t\·.ro foot section of tube i mme diately u p stre a m 

from the ten~ination section and every foot thereafter, 

~ith an Alte c 21 - BR-200 microphone . Pressure r eadi nG s 

fro 1 each st a tion uhen p lotted a s ainst distanc e shov e d 

9 



i .!.l .. I_ i_ :_. v C(.; v 

· .. .'as w_, e for the instnllll.tion of ple.:~i(~lass sections • 

• of one half inch thic!.:: plexiclass, machined to nrov~c:e 

insic e di ·.1ensions i clencical to those of the prona~aticn 

tube, Initially the idea of i~stallinG a separate section 

rras to Drovide a ::.-~1eans of isolatin£__; a small section of the 

proDagation tube . This r1as accomplished by installing 

diaphragms at both ends of the plex:i[;las s section in or,· er-

to e1inino.te the acoustic streamine; in that section of the 

pipe, yet still allo\7 for ·)as sar;e of the shoclc rra ve. rl'hu::.:, 

inslc~e this section, the .AC velocity co.:rDonents v:oulc~ be 

C.irectly available to us !, ?lexi glass VIas selectec1 as the 

".nterial for the conctructj_on of these sections because 

its transparent qualities afforded excellent a0dltional 

opnortunities for dirnct measurement of' the position of 

the hot-v:ire 0robe in r· ~ la tion to the ~rurface of the tube 

o.urL-1[; boundary l aye r j_nves ti~ations, and the pos si bili ty 

of quali ta ti vely de ter"ninin~ the n& ture of the floYl us in;~:!; 

s~;wlce pC-.rticles as tracers . 

The hot-'\·.rire anemometer used ·:.as a Shapiro [: .L:..d'\7ards 

Co-!PJany, 1'asaclena, Californi a , conste.nt current :c.wdol , 

consistinc of the folloDln~ units: 

a. 1Iot-,fire Anemmileter Amplifier, l.Coc"iel 
A-~OB 

10 



d . Po t e ntiometer , .. Io c1el l ·- :.;o.1. 

e . ..lean Sc~unre Output I.Iet e r, , :odel __ ,So 

f . Square ·.Jave G ener-n.to1~ , l:o del G- 50 

g . Po•;JOr Supply for Amplifier _ ~o del 1·1.- ,SOD 

ln conjunction VJ"ith the above, Flon Corporation 

Probes e~nployinG p latinum filaments of approximately 0 . 0 5" 

inches in lene;th and 0 . 0005 inches in diameter were used . 

Al thouc;h all of the abov e hot-wire-) anm,10:·.1eter 

co:;,:1ponents v1ere not utj_lized in the actual me~~.surements , 

all are neces sary for the settin~ u p and checking out of 

the anenoL~e ter , and sh3..ll thus be c"i.escribed below. 

The Ho t--.-Jire Anm~1ometor Amplif'ier is a lo;:: noise , 

hish gain, ni de band amplifier . Provisions are made for 

checking frequency respon s e and runplification usine the 

associated square vrave gener a to1·. 1\'laximwn unc01:1pensated 

gain is 5 , 000,. nhen ful ly compen sated, 2,500 , 000 . An input 

selector allov;s selection of input fron hot-\-.rlre or 

squarewave e ener ator . 

The Current Control Panel permi t te d adj~lstment of 

\"lire current over the ranr_;e of l to 300 r:1a . An incorpo1·atec1 

·1eter ni th fnll scale ranges of 10 , 100, and 1000 ma 

provides initial adjus t ment of the hot-nire current . 

The Potentiometer enabled the voltace or the currant 

of the ho t-wire to be accurately measured. Voltage ran r:e s 

11 



arc (J .l, 1 . 0 , 2.nc·. 10 volts ful l scale. Cu:e.i'ont r~tn,;e~~ aro 

'"! . Cl , 0 . J , D.nc\. 1.0 Q.:.,ms full scale . 

:i'l1c ,' o sis tL~nco Dri cl.r_:;e has a PO.n _ __;e of 0 to 120 ohr,1s 

ant"~ nay be u secl to !·1e8.sure -r.rirc resistance nhi l e the 

a T~lif5_er is in use -..-.- i thollt intro ducinc noise or h112:1. 

~cns~tivi ty is suffic: ant to enable a bal ance uith only l 

1;1a of current . 

The ::ean Squar'o Ou cput J:.=oto r :t s a sensitive 

Jilli vol t 1-11e ter :Lncorpora tin;_; a _·Jirror s c al e for l'oo.dint_; 

t:1o thor::1o couple output of the :Tt~·lj_fier. 

r_Pho ~· qun:::··o .-:ave Generato1~ is a ss1 f -conto.inod , battery 

o~erato~ , transis tor type . 1 Tho frequency is variable and 

tho signal c an b e used to check fr equenc y r e s p onse to the 

am~Jlifier . RES out"Dut meter anc'l precision a ttenuation 

enable accurat e c a in measuremen t . Time const ant 

determination of a ~iven Tiire may be do ter~ined utili zin~ 

a series of syfit c hes ancl attenuators to superimp ose a 

square noun co::l'lonen ·c o f a d justabl e amp l itude on mean uire 

current . 

A Ba:!."ilun Titanate transducer rms mounted ups tream. 

fro:il tho hot - rti ro ') robe to verify tho exi s t ence of a shoc l: 

Ylavc in tho p rop a (_;; o. tion tube and to r.10ni t o C' a n d to dotor:nine 

the repe tition rate . The output of t he t r ansc1.ucor -rras 

O.i.PJ lifiec by a Ii . h . Scott ..Jecadc Amplifier and disp l ayed 

on a Tektronix 5L!-5 dual tra ce oscilloscope . This sic;nal 

nas also sent to a He·:.·lett Pc. c kard ~ 00-D Vacuum 'l1ubo 

12 



frc~~_ucncy or o. ( e sire cJ ho.l..,--.~onic . 
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:e_ ' 2 1 ) onc'u c ~_, of lnvcsc i .J t ll1 . 

1.n ..... <:c t ion 1! of t hi s r ep ort 

o::-· r- s~,ion f o i' ceter : linin g t he 1:10t ion of a ·Lovi n~; f Jui , by 

u s e o f a hot-r:ire anen ometer was dev elo pe d : 

• 2R (m l l w - l y: - T a) (A t B 
1 1';<J u ) = C ( dT r.l dt ) 

The apnlication of thi s expr ession to the s t u dy of 

re::_Jea te d plane shoc k v:a v e s pre s ents a unique p ro bleitl , rnle 

rapi d succession of co np r ess ion and rarefactions at a fixe d 

p oint in t he tube c reat e s p eriodic chanGes in pressure , 

densi. ty , veloci t y ;\t and tenperature of the flu i d medi1..1n • .At 

11 l a r ge 11 dista n ces from the rJall, t h e natu r e of the ve loc :. t y 

i s assumed t o c onsist of a n alternating, flow· v.rhich i s in 

phase vrith the pre s sure chanc;es , .. ['tnd son e induced steady 

se c onda ry mot ion (acou stic s t r e aming ) a s a result of viscou s 

forces . This co.:1plex flow fi e l d ma y be furt h e r cornplic3. tecl 

by the existence of turbulence . 

The inabili ty of the h ot - n ire to f o llov.r r api c:_ ve1oci ty 

chanses is r eflec t ed in equation (6 ) by the existenc e of 

the teE11 on the ri ght . Some r:w ans mus t b e devised to 

cletermine thi s r esponse !.._ or t o op e rate u n der a set of 

condition s i n which the out;:Jut i ntell igenc e of the vvire 

c an es s ential ly r e duc e thi s term to zero . The empirical 

coefficients , A & B ar e temp e ra ture sensi t ive and their 

values must be determined ove r t he ex pec ted te:.lperntu r'e 

ran0e ( 'I\-.r - Ta) . Theref ore , al l t erms in equation ( 6 ) 

are variable excep t the current "i" which is a controlled 



··_n ,. t 1.n 5.c. :-l''.in ., 8.: _ c coP . tanG h ·;:;110 ct;.:: · .~. -;nt CG.nt:col 

section Oi" tho hot-\"JiPC .~no:·;:O Jeter . J~hO CO:LlVOPsion of 

e0 uo. tion ( 6) to a n o::."'o useful fo1•m is 6c ;...;ira.ble: 

Vn = ( Tn - Ta) (A + B ' ~ )/i - ( C/i) ( dTn/ dt) ( 7) 

rrhore : 

Vw in actuality i[:; tho usefu l output of t ho hot-niro 

anemo.c,1eter . The above expre ss i '"' n 1 o.lthough valid for any 

fluid~ is apr lied in this exoer iment to ai r at near 

standard conditions . 

16 



l ~r .--, . : 1 • 
E)_ 8 vl >..J.. ._; . 

shock front are described b~ tho 3ankine -Iu~oniot 

equation:.:;, for the ,; y:.·ssurc svrin~s In this ox.peri 1ent ·011e 

relations are consi ered to be o sontially ro~ersible 

adiabatic , where : 

and 

,/? = c~ensi ty of air at absolute pressure 0 

/9 = densi ty of air at absolute pressure l'l 

T = tor:1.pera ture of air at ab[:olute 
0 pres sure Po 

Tl = ter.1pera ture of air• at ab::"o1ute 
pressure pl 

t = 1.4 for air 

To consi0er tho concurrent ~cnsit) , velocity , Qnd 

ten'9e · · ture variations , a ty?2- cal value of ( 1\ - P 
0

) i: 

as 2uued to be ono-tonth atmosphere . 

Var:i.a tions in ~ arc co::n,)uted to be approximo.to1~-

equal to ~ ~~and therefore , for the ran~es uhich are 

consiC.ored in this e.:::·serir:Ient , ~ uill be cons_i_c:croc 

constant . 

-- J3 ' 11::0"' Defininc B ~ ~ 

l:.qua tion ( 6) nor; be c o .1es : 

i 2Ru = ( T1., - T ~:J t A + 3 Vu ) - C ( dTv1/ ot) t 10 J 

17 
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\n.,~.l1~ · ::.:hocl.:: Dfl s sa::;e , 

of a:rpro::·~i 1a tely 24. m/ se c. 



...., 
I • : c .1 r· ..; 1' • 

~- 'J ) 

' ' . · 10·c- .. -~ ~'0 

the ovo:J. ·:.'i th dry i c c . 3le hot -Tii~e ~robe 

passnge ~ Un~e r t~eso con0itlons equation (10) becaws 

D.) :JI'o.xi mtcl~r e ~:.l::tl to ze2."'o • 

. 2R 
l ... rr t l2) 

nhei•e : 

and 

:: the --wo.sured resic.'GD..:."lce 
o.t 'Eo 

of tllc 

~ = the te. l."'O]."'Cl.ture coe f'f5_c:i.ont of 
re3lst~nc e of the u ire . 

"'71 " ~ '"> 1 'n ' 7 "'l'J,-..,... of ") 'J l oJ.J.Q(..., a(~,.,·· n·'· (r'l ,il :. • .) sn.ou..., v<-<..l-.C>..:> ~-.i . LdJ • - u<·.l..L1.::>L.. --··.[ -

for various h ot - rrire probes a t speclfie d wi re currants , 

( 
Pl I ) 
.l.. i~T' - 4 .. .• 0. 

rn ) 
·Q • .ith 

19 



- J 
r ').~ 

'l ~ ·I_ c 0 :. 
~ ' 

•~ low . 

be co 1os : 
? 

i ~;~n t: ( ru - T a ) ( A + 3 'VJ" ) 

l 

V-L L.8 .'" 

(13) 

:?ro ·.l t h is exprGss ion , valu e s of:; c::tn be doc .. r.lL-!cd :l2.'o.1 

!1lo t t ed a gaj_ns t 
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'-' ) : • r ~v 11"' ~'~~o c :_c: J . • '1L1l ("'t i ~ OJ. .... .J.l..L3 ~:; o; ., 
(' X 'lo':1 . (, ~. 

<} 
.... . -,.;..) 1.-,. 

.cl "'\ .~, .. ~ l~:10 
., nee·· .... _c .:.'1 i...0e "'L ~-

1,.) ( .L v • 

\7a ve O!.l ~~he a.:x::.L s of the tube . -~1 tholJ.~h e~1uo. tlon ( 11) ::;_10\/S 

that if1:r is not a linc;nr functi on of u, :i..n or er to sl 1l.ify 

the -rapl'ls , lineal-.lt~- ·::~_l]_ 1Je assu~lG'.' for Lhc discussion _:_n 

"Chi f.; soc t lon . ~he effec~ of the actual r 3 l ~t:onsh~u 

anc ·:.r~i_ l.l l;c .3ection 9. P~: ·• 7a sho\IS a plot 

of Dress :.F'e "z;n..L:1st t:i.:nc .POl" a l"C)ont e c p lane shocl-: ·:iave 

~assl~~ a fixeC ~oint . 

tooth ·.7t:tvefor~i1 sho'.'S t hat S~lch a ....-ro.v e is c o ·1p ose d of a 

funC.o..~·.1cn'ca l an.d. an :::1finl te nu :1be1" of 11aT'i 10n:~. cs of a, nl:LtGc~e 

lnverso l y proportional to thr:) nu~i:.1Jer of tho hannonic. 
..1 .l ·-- ~ 

7i) shm--rs the as su 1ed. alternat.~n:; v elocity flon at a fixP ~ 

point at the c ente r of the tube as a result of ~rossure 

variations a!ld in the o.bsence of' o.n.~T ncou~tic strca.~;1in,; . 

direction o f flo~ . r·'he theoret:Lcal I'CS~)On[:C of Q hot-·::lre 

nne .1o .1eter , ~.1"1.Lch is crt'Jablc of c l os e ly folJ.o;:rL'1__; the se 

veloclt;y ls )J.ottec" in -;>:~__; . '(c . (.~.c tnally , 'i. ·• 7c ~-~ 

:1:9-;lic ;-' blc ·~o both V : · n 1 lui. ) Part l cuJar ottontion 



y~ ! )"'\ ..L 

.. , 
.l. ( Ct . 

., ·~c'·l-~l-1·:;· ... ~- IJ •'- - - <) 

··o 
In ac tual·~ t;~-, . , :· .s a f:ip:i_te ~)o: .. :i(· 

Q 1 
J..o-u socont~::: .. ·: ... t.tll.J.n this :.Jeriod of tine, both ·)::...·cs'lU.,r..=> 

o..nc~ veloc:l ty chan~e fro1~1 :;_Jeal:: p os itJ v e valr:.cs to peat 

ne~ative values. 2 

I c j_fJ intorest5.n~~ co l1ote'; Fie . 7c, t'· .. at on o. 

tlworet·· cal b8 si s, bccav .. se of the full uave roct.i~yin;; 

action of tl"'e ni r 0 , the second ~8.r:r·10n.:.c of t~_-:cc sboc 1:: nf',Ve 

is the Jo~est c onta~ned frequency in the voltase responce 

nro&1ce~ by tho h o t - wire . This is shoTin in the above 

"·co pos~ible e~~ce:_--)tlons ir1 ':rhi ch the hot-rrire 

ane.:10--:.ote:::o nill produce a vol t !"._3e of the [;8 ·1e :Lr· . .Y:: enc-y 

o s the ·""'ror~ucnc:;: o f the velo c it:·· fl:J. c tna tions are 

:.i.llustrntec'r in ... :::,ur0 s 7ci. nne~. ?e . 

1L. Talbot an~ F . s. 
.. ave:::: · n a ==onator.Iic Gas , 
Jo.::1u2.ry 19 ~~9 . 

3hel'"lf.'.n , .Struc ·L,u:.:·e of .fool: . .:.d.'loc: 
IT,. r• .. T - • • 1 2 J I . r'8 c L 0 

. lL.)J·'- 1 e l1lO _ - .t,- / .~ , iJ!) ~-I , 

2.rrovi sions are mao in ··. hot-n:lrn ancno~.tetcr· an:plif:i.er 
to electronicolly adjust ( co~pen~2te) fo r t he anc 1n ctcr ' s 
iEab:2.lit:r to follorT the hich fre :uf'nc·J conP;ononts tlt:-:-.t e::ist 
in c~iscont::_~uous see~) function s . Eov:evc.r, the 'll10U:nc o:::' 
co~:r'Je::--.sation to be usee. is ba; .. Pd on the e:t~istf,ncc of ;:-o·.,1e 
stead:r :::tate flo~·i :')rinr> to , and after the c1iscont:i.nu:i ty. 
r,

1hcso co1:..di t..:.ons are not pro sen t for a SD\'Jtooth r.'avc . 
::U:-·thei, ·ore, l:.ot -rrire arwi'lo 1eter tL~w consto.nt o.C.jusc::wntf:: 

-.,;' ·_cl·; ~;or :i_t the hi_)l frw uenc y co ·.-'onenGs to be ~.ore 
e f f :~_ c · e r' ·, l y r e "):~·c--. s c ~ t c ( , c au !."; e a r 21 at i v e (' -: c l"' c " s e _·. n t h c 
J.o-r! fro,luency rec~;on!:;c , ·Jli_ch -~-s (c-lcncl.-~Irt on tho . oo.·1 :C'lov; 
cond.~. t:l on::. 
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t 

'"'lo- .l 
.~ c J -- i.r(• r'lJ.C ',o Lhe 

0 "J !. 0 • > l I ' f- ' l ' . "'\ <I C 

17 
" ··­u. 

n: the 

tho f unc'a· 'cnto.l f' 0 (Y,ll.(HJC:J' o f tho r~ho ck v::::..v c . 

-""'\ /"\("I .. ' .. ecrn_,_s e 

on a c ousti c st. r cc. tir.. _: of a 1 ·- 1-.~cr abscl ··to va l ue th n t.hn 

::i ec o;_;nizin·~ that DC flon , \:.:. t h an e.xpe ct~c c ::.1a___,n.i. tur~e 

equal t o 0 . ,5}_! u 2 / c 0 ( 9] , could a ff r'ct t ho fun(a:.lental 

altcionn.tin.=; f'lo"'.."i fro; the n c oustic strea,rline; by ~.sola tine 

The te ch n ique f o r acco111~)lishin· thi~; na:-~ t o use a Cilaphra .__, .. J. 

~·,1ato ri.al -.·;hich ~.-;as tl.1 i n an/ pl iable e-::1ou~h to trans- 1l t tb.e 

· is c o:!:'ltinuous ·ores Sll.re ;ul::.e , nc!_ t o l'o str5_ ct the len~th 

of the isolated sec~ion bet~ecn diephrac1s to Drevent 

re ~;;enoration o !:' i nduc e( o. c ou:::t ic str·or,_·Line; , 

In :::;c no ral, t his e:::-::e~.·i .. 1ent fa ilo<.3 to prociu c o its 

objective bo c o.use no sui·caL>J.c di c.pln'aJ.l . "<1.tor~i.o.l ua::-1 found 

th8. t -iHJ. ~; s trcnc onoE )1 to ;;:~~ t~s to.nc' tho shock )Sl. ::-:so. :2 D.nC: 



"'"C 
,.., ~ l 1 0'1,; ( ' >C~. 0 r;eoprene v (., ~o...-J.- 'J . 

:.., .. _,, J ~ ,, 
0'1· -c.:. ::..._·Gl"' I cl1 l,> __ ·_c1: -r-lVC l- 1-' l> .to::::t 1 ,.., ' .1J_o - ' c .l. 

1:"'] as tic < lar 

O') -·rat in·· periods of appro:: L~~ateJ.J- one minute . 

o f th~s , ~ue to tho fact that there uas n ot sufficient 

~ist~nc e in the so c t inn for bui ld u~ , the churac torlsti c 

'il~e i sol 'l t ion of the al tc:'na ';in.::; flo;:; J'J.'O il tho 

2.vai1Eblc at this ti te . 

Fot bein:~ o.blo t o control th::-; natu:·o of tl"s ::'lo'.7 :!.n 

t ho tube , tho only alternative v2s to ana lyz e it . 7icu~os 

" 08. , ~b - r-
(.J , B_nct uc are 0 s c _;_ llo crt:ln~~ of v.nc 0 .l'~ on so. ted hot-·.'J ~'-"'e 

c.ne:'lo ",~te~ rospon:::c to--;othcr r:ith i-hc vol to. .~e ros:ponse of 

the b~.r:~_v:n ti tanatc transduce:· (the so a::;_"'c (no..l trace 

oscilloscope photo graphs , the lo- .·er tr f'. cc :r-eproscntj_n __ . the 

altcrnatin;~ pl"'Ossv..re of the shock Vlavc . ) Tho rescnblaD.ce 

of ,i~ . 8 to Fi; . 7d verifies the existence o f the 

fu~(K~ental frequency ~n tho res,onso of the hot -vire 

ino.hil5_ ty to (~_eto ct tbe events occu::."_._nc dur::.n,s the ti .w 
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1" 
u 

(b) 0 t + 

v .. 1 ~ 1 .. 
( c ) 0 t~ 
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(e) + 

(f) 

( g) 

(h) 
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0 ~ ·----~.-,.. t ~ 

rheoretica l iio t - :Ll.re .A.nm:1oneter He s~;on;_;e Curves 
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o. . 36S cps . 

3 psi . 

b . 6oo cps . 

C o,a/ 5' - s • l ' c p • 

3 ~')S i . 

Typical Hot- .i iro Ane~"10Y11e ter an0 Bari1.1r,1 S:: itano.te Tr n.nsduccl' 
:~esponsc Os c i l l ogran s 

Figure 8 
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t~ ; c __ r.rr.'./ o , 

_ .. <-· 
-'- ....... r·orJ" 

(-:;tee ta b1e , but Je s := th~Gl. the ~.m ~n5. ·:~uc e of tb.e ~ltc:.·no. L.in.:_; 

vJave , the Vlo.ve i ::: as.1· lletr~_cal n.n c.~. a pl1aoe chan _}o \.1 11 be 

~etccted as the probe traverses acros s the t0be . 

~·rocee c1.inc on the ab ove o.s s v .. ·ccJ c ritoi·ia for 

across tLe tnbe . "'o cl e tcct ~~.b1e ph~tSG ChD.n,:__,e s "dCl'e nol:;c:d • 

mrt.he~· :o: ·c , the ty:9i ca1 I'e s·)onse curves fo r L.ho ho l:; - v: i rc 

·-"l.G"l0'1e·'-,-,y> 83 s'J1.0 ;-,..-, -i·rl H' ·"L.,. B· <'1'1.0''·" a l ·ocot .. , c·nf"'c~-d. l J. .. 0~- , .. •·· .. ~ J. -- J. · .. 0 e 1 '-' II" - ·-'-' . ~ v (., 

s:;r:l:lCtry e :~ce ·nt for a noticeabl e conc a ve c~i sto:c·cion :in 

tlJe t z·c.iJ..in.3 ec',;e o f t he res ;1on s e rJave . On l;lw ba::-~l s of 

thi :; evi Cenco tl'e foll o,::1nc.; O.:JSU .. 1}J t.i cns a r s maci.c : 

a. The ratlo of the nnGnitu~e of , c ouoti c s Lren~in~ 

to alternatin~ velocity is no~li ~lb1e. 

'u . The ~no.b ~.1ity of the hot - v:ir c m1: o ·.;etcr to 

~{· ospo:1.cl to the l1:. _:h f~c·equency co~·.1p onents of ·~.11e c~a\Tcoo th 

·:m.v :;for hj_nclers ~'L cs ut i lization for cJ cte r;.~1ininc a.bsolute 

veloc i ty . 

c. Ti."le exl s te~: c e of the I'unCo: ._cnto.l fre-·~ucnc~- .::.n 

the oucnut of t~-::.e hot -nirs nne .o~.letc)l" ,·1··ovldes o. 1er.ns oi' 
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J.lC. .1 • . 

( ) "':. \,_ ·~ ~r -·· l . 

:_.,·_r ... c · ~ -~~ .n(, 

:.C' OT' tho o~·::L s tenc e o f turbulence in 

fl_ou i s ci ven by tho f ollor:inc o:;: ~' rec s:.Lon [ J]: 

-~ cri t = ( ucl/ .}J ) ..... t ~ 2300 
C.L.L 

= lo':ie r L~ mi. t of J.ieyno ld 1 s nU2·.1bOJ. ' fo r a 
bolo'·r ·.-rhJ.. ch the f l o':! doe s not boco ,10 

turbulent . 

., 
...... v 

u - the 1·10an veloc ity avora :~ o c: over the c r oss 
sectional area of the nip e . 

c :: e ffective C5.[L:wte :;:-> of tho p1pe . 

J/ = ~:ine:-;:ati c visco::ity . . 

2ubstitutin:_: tho fo l l o ~;iin ;_, v a lue s in equat i on (1~.) : 

., = 2 ..)')0 0 -··cri t 

c1 = 0 .0.5 n o ters 

JJ = 15. 55 :;: lo- 6 ~.wters2/oec 

:he r(·) sultin~ e valuation for u i r..di cacos th'lt L.urbulent 

fl ou v.1i ll rnsul t fo r u ~ 0 . 72 ~-lete:."' s/ ;~e c. To provi Co a 

tho Doa~: alternat:i.n:~ velocities , j_t is necos :=:ar ::T to 

evaluate tho P.nnkj_no - ~~-~ _: oniot Pel a ti onsl1ip f or• par t icle 
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"J , .... l_oc . t 

(15) 

'( = t, -c r a L .i o o :L :=; 1 o c .i. .2 i c . o t, . .'or a i ::> 

· y 

,,,_bst.·~t~t~n t~'le fol.o .. ~.n ·jalucs in o, un.ti.o~l (l 1 : 

't = 1 . l, _or air 

'.n evalua tion for u., ·i_-~(:_c'1t es that )CG.lc vclocit~es of 

..::!:. r.wtel" S /sec a r c co be c~~_,, es te e . 

and t he obso::·vat i ons of 3J.l0t:e p o.:'"' t i c lo buhav i o:r 1.nC. ·.JJ..Vc 

~ssu mtion b . bovc , a;·a :Ln ·.;oints out ·.hat unl os;:, 

so.1e 0 ~r-i ,...c·c1 "'"'o ~.., ..., . .., .... l~.,.z-~n·~· t:--
• I -- ~-- 1.. )_ - I...J..J .U ... l, :.J -l..l 0 J • ..!..tJ 

undcte · 1ined 1u~ntlt~ . 

hot--.;·1.re 

~-, " -i ("' u l .. ..,; 



.t vI 

= ( 2P rl {( I ( 8 _. __ l_W [:; -
1~-::_- ~·.n:~ w u + }.;lnJ w t 

l. ('I • - I ·'- • • + 1 . • .I ) <;;w..:..D:, W u n S.!.Dnwu 

se ;n thn t the funun. :wntal 

fro\lucncy co:nt!'_~_butes 2/11 to tho pen}.: v~..t.lue . 

c~ts.~ly follo','J fre.:1uenc ~.os o C the oPdor of 3JO to 1000 Cl)S .. 

~lect:"on:i. c filterir._: of t~•o hot - -:-rirc output '.tiLl_ alloY.r 

oYlly tho f u ndo: 1.0n t~o..l ·co contl..,i 01.1.. tc to a si _:nal Yih.~~~-'1 ·.:hen 

{17) 

Undei' tl1ose conuit:i.ons , r:horo the fila .. l nt ~lt-!.lLzeci. 

is c::.pable o f follo.:i.n · the funclac.l0nt<l1 , C( CT . .-./dt) co.n be 

considc~r-ed a;pro::Lrtn'Cely e:-·ual to ze:·o 'end cquat:.i.on (10) 

12.y the:-eefore be sin··~_if=!.cd to ectuntion (13) . 
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Fund.:.'l.:-:.ental Frequency Resp onse of Hot -Wire Anemo:t~1oter 

?ieure 9 



V
~ ,, 
~ . . 

- Ta)(A t :S --yu-) /i (12) 

/ ..... o of lb~ C, 
' J. 

( T'.7 D ( lO~uacts ~e c~ 
0 ~----c '0 ,_ C> -., ..... ~ ) 

.~ v G I. '-' 

o. G7 

3. 6o 

a ·raph of e~uatlon (l~) is plotte d as ~ic . 10 . 

inclucoc' 

result of tho reversible adiabatic chan~os in Ta of 9°C 

fro .t. th:; ambient to:!lDOr:J.. turo . 

~he ~avo for1 of ~i~ . 7c is assu.illd and~ ~rnnhicnl 

"c~'la:r.,acte~istics<~ '10!)1oc:. i::: u:-:cd to 9r diet tho out rut:; . 

?or a constant (Tu - Tn) , tho non-linear effect uould 
a 

pqssa~o , it is incorrect to utillzo one curve of ~ns ' J 
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.~lore~ ~ _se, but .._ tJ_lJ. n. 'l~o:: ~ -C' ~0 u_"'oc1 , .... ; ,_j_J (1 

'-- ~~ 0 u(;il:tzo G~10 -..L :r c curve ( n JUJ.e yl:; -L-C.il:;era t1n.,0) fo~~" 

-::1o ve}.oeitics nc8.r zero, tho u2-,~_)er curve (a::abie 1t 1i:c-.:.us 

9°C) .loP t}'o ponl;:: veloc.:. ties corrcs ··one' in:=:; to tho 

2D.Pofaction :art of tllo cycle , un( the lm'ier curve (a 1bie.1t 

plus C) °C) corr'espon:-tinc; to vcloci ties c~_urinc; the coJt:t_;rcs::don 

paY't of tho cycle, ni'Ch intersolution for :tnto!'modiate 

values . This l!lotho ci. introduces as'J'?.nmotr~: into tho 

resultin£3 navefor--1 nhi ch is a r Gsu1t of tho nire trans-

1.J.tting a contiEuous repi'esentation of tho discontinuous 

te~~erature chan:c at t 0 and illustrate~ by the ~ottod 

l ine in Fig . 10 . This ai.lpears to accoLlnt for the concave 

ct"peo.rance of the ty~)ical oscill o ~~ra:.1s shoYtrl in Fi:_; . 8 .. 

On the bas:ts of these results, it seens that the 

ef e c ts of chan · e s in T a ' are si r~n:Lfi cant ' paPticulaPl y 

fop smaller value s of ( T\,1 - rr a) . .. 



·.J 

---------

I! on-Linear Correct i_on Curve ;or a ( Tr: - T0_) of J 65°C 
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10. ~, ""· ,.., . ~ .. 

s::;t'l. ,~_of po.:,.,t".clo V8lcc3...t "_cs in :eo··:on.to:· ~...,1~:"10 :->hoc~: \"Iavoo 

co~to~"' of tho tul)'J . 

c.cd;or line th("'> e::'.':~oct of tho tt!.bo •,·:o.l.l on velocJ.t~rG 

an~...1 

- tho r1o volta~o at tho c0~to~ of 
t~JG t··,_be 

- the :!.." l::.1 volta;~e at a -_·_sta:;.ce y :Lro~:1 

the ~all of tho tube . 

7l - y ~w /2 Jf 

UJ 

= dis tanc ~ froill ~all of tube 

= f re T~J.oncy 
l 
\. 

= ~inomatic vi s cosity 

sho·.-r:::: tho sl.J.oo..r _)., .... of .:..1e c..s (lc-cornino d b~/ :.;.c:·1a:e- ~ ::.·o~1 ( J) . 

:--o t11.J.t tb.e fu~1.da.10nt2.l fro;-uonc .~- ua:.:; tho Pl'i .:ar:;r sourc e 

~hose ~lots ~hou t:.at no~r the 



c.l 

"' .. :: ··. · -v c~ ' • 

of"'el'Cc' o.t thi.s 

J.l c .l_l ·C 

':.­
the OCC!ll.rcr:ce of t~~j_s p:::.ono~:t-:;non . 

of Coo cpG , t~c re sult s of e l e ctronically f i ltcrlnc out 

all bu t the second har~noni c of 1600 cps . ~he fa c t t 1 "Lat 
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natin[~ ~voloe:!.ti o s a·')"Jears ne;_:;li :::;ible , o.nd may be ne:_·~_cc 

for tho 'JU .... 'oses of fu~~ure study of this pheno--:lonon 'Y,)" 
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