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PART II 
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·" PART II 

~-------------------------------------------------------------

F1ELDS 

io~ INT~ODUCTION • 

. Tnis parl; deals with tiie quest.Lc!l 01 relctl.J.ne; tile atmospHeric 

turhulence il1puCS '0 pressures and fOl"CeS on tLle body which tlleore-

tlc~lly iu, in mo~t aases, un80lvea. ~ueorJ.es of a~rcraft and 
\ 
\ 

struc~ural response to turbulence, .\Ref.{..2. and5!f), usually are re-

stricted in application by the inability at present to describe 

adequately general relations between the forces induced on the body 

and the turbulence inputs.. .:Lhe resulting lineariza tions and simnli-

fications used to model these relations are succesful 1n predicting 

the body response in dome regimes - notably the response of aircraft 

to turbulence at high altitudes \Ref.S5' or uline-like" structur:>.l 

response \Ref .~)5~and5e) - where tIle input eilergy is concentrated 

at wavelenchts large with res~ect to tae cnaracteristic Uody dimc51~-

ons. However, ror low altitude flignt, and for structures which do 

nOl; fulffll the "line-like" assu!:';ptiotlS, the atmos'Jheric boundary 

layer p~esents turbulence inputs with enerCy concentration at wave-

leughts of the same order of ma~:nitude as the cnaracteristic Body 

dimensiolls. ('l'ne lonei tudinal scale of a tmOS?heric turbulence, Lx, 

in tue t;l'ouud uoundal"y laJer '1s of the order of hOrn to 60C;n). 1n 

th~s case, tue simr,llifications in the ununl assum-,tions of the force-

velocity rel~tions become susrcct. 

~n particular, for ntructures ~such as buildin~st rrc~ets 

on tile l.:lullCil po.d, V'l'OL o.irc!':.tft \"/:lilc near thc cround c.t.c.) t tho 

acrodyn~micn of toe body reGponsc bccome extremely·conplex. Stru-
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ctures in non-turbulent flow would in any case be subjected to 

unste~dy forc·es. These are ctt-used b~ large wakes and vortex shed-

. ding phenomena which are sensitive to the pa~ticulnr body geometry 

and its flexibility, as well as, to the flow variables themselves. 

Hence the addition of turbulence produces a situation which in 

many cases yields only to direct experimentnl investigation. 

Much work has already been carried out to determine the 

effects of winds on buildings and structures (Ref. !t-1, sg, ~'P~61; 

and 6~).However, much remains to be done, in particular for the 

problems introduced by severe turbulence. 

Host of f;he work done to date in this field is chara-

cterized by measurement of the overall structural response" using 

·simplified force-turbulence relations r or directly to measure the 

response of complex structures to design purposes. This part of the 

report describes an experimental study of the loading of simple 

bluff structures by turbulent flow fields with a Lx/b or L /b y 

of .0(1). 
") 

Or 11 
\-.~i 

In general the response to any random excitation is 

also random and so must be treated in a statistical manner. This 

response can be described in terms of either·a spectral density 

function (in the fr~quency domain) or a correlation function (in 

the time domain). Following usunl practice, the response analysis 

is expressed in the frequency domain, It is clear that as the flow 

field consists of a static and a dynamic component so the response 

of the model in the drag direction has a mean and a tim~ dependent 

component. This fluctuating dras component is of primary intc~est. 

In relating the fluctuatin~ force to the fluctu~ting 

velocity Davenport's suc~e9tion of a frcqucncy-dep~ndcnt trnnnf0r 

function wns adopted. The effect of the frontal arcn, aspect rntio, 
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and the turbulence level on the aerodynamic admittance was looked at. 

An attempt has been made to correlate the aerodynamic 

admittance when plotted against a reduced frcquency which is 

a function of the frontal area and the scale of turbulence. Mea

surements of the mean and fluctuating drag for the different models 

were carried out and the effcct of tur~ulencc level wasinvestiga

ted~ 
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11. .A RZVIEN OF THE uENK-<AL PROBLEHl PRESENT ur TIlE IVESTIGATION ----------------------------------------------------"------
OF THE RESPOnSE OF S'l'RUCTUrtES TO TURBULENT r'LO;:, FIELDS. 
----------------------------------------~-------------

The general bluff body problem involes the response to . 

time-dependent forces induced both by the free stream turbulence and 

by the wake formation. Other important problems in aeroelasticity 

(response of ~anels to turbulent boundary layers and the tesponse of 

aircraft wines to large scale turbulence) allow considerable sim~li-

fication in the theoretical and experimental investiga ti_cns. 

In addition to the structural properties, three principal 

parameters are required to define a particular dynamic system: 

a) Degree of streamli~ing of_the struct~e, 

b) Reynolds' No., /-t-c.. L,c·~(.t2~U'- /!-,~ -r..£"~JC--'~ 

c) Relative magnitude of the scale of turbulence toa 

typical dimension of the structure. 

The importance of the above parameters is illustrated by 

reference .to two simple shapes-of structure, a flat plate, and a 

circular cylinder. The flat plate at ~e~o_incidencc represents a I{' ? 
bluff body exhibiting a negligible Reynolds's uo. effect. ~he 

. cylinder is a bluff body whose response charactn~istics in a steady 

flow are stron~ly influenced by Reynolds' No. 

If D denotes a typical dimension of the structure,in this 

case either plate tor squ~re section cylinde~) width or cyliuder 
L-'. 
diameter, and Lx the lonGitudinal in{;egral scale of turbul~ .. ~ce, then 

tue pr'acticd.l pr'oole.us coulu be suodi vl.ded in LO "l:.llrCe groups: 

1.Circular cyll.lldel' 

a) ~) u and \'Ii "t~1 tHe wl.nd stream nO!'.nal to I.lIe cylinder 

axis. '.in tHis t;roup we Havo tile cnlc ula tion 0 r the 

response OJ.· n) slcIlucr s tnclts, b) rO~lte ~ s"olls, 
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b) Lx (.u and witn the wind stream parallel to the cylin

de.L' aX:io. 

The calculation of the response of rocket shells to 

noise generated in the wake is a representative exam-

pIe of this group. 

2.Flat plates at zero incidence. 

a) Ix) D 

III this group belong the usual calculations of the 

response of aircraft wings to buffeting by random 

downwash and similarly for oections -o-f suspension bridges 

"/ith flat plate aerodynamic properties. 

b) Lx: (1) 
The calculation of the 'effects of wind pressure fluctu

ations on the sides of large buildings, and of the 

response of panels to random excitation belong to this 

category. 

3. Flat plate at 900 incidence including square - section 

cyl;J:ilder with the wind normal to one face. 

a) LXIV 

In this section belones the calcula~ion of the reo-

ponse of structures to buffeting by b~'U sts 

b) Tr/.~ 
Finally in this cateGory belong the calculation of the 

effects of wind pressure flUctuations on the sides of 

large building~ and of the rcs~onse of panels. 

f11he investigation of any of the protler.lS indic:'ttcd above must 

neces!:'aril:r t:1J::e the form of detcr::1ininf, the relati.onsni~s in non

steady flo';IS vct'.'!ccn a') velOCity, b) force, and c) dis·'lncc::1ent. 

'i:he cli f (ieul ty in the above lies in t he re 1:, ti '~n~Jhi p ~ct· .. !0. !~n 
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vel.oci ty and force. Jl.ny relationship between the two will be non-

-linear and obviously this introduces complex theoretical problems 

when the inde~endent variable is given random properties. 

On the other hand to calculate the displacements of the 

body on knowing the forces is a structural mechanical problem. if 

a linectr ralationship between force and displacement exists, then 

knowing the statistical properties of the forcing function, it is 

a simple matter to determine the statistical properties of the 

displacements. if a non-linear relationship is involved, then tne 

. same difficulties arise as in the fluid mechanical case referred 

to above. 
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12. ' TH~ORE'l'ICAL CONSIDt:ltATIO!IS 

The nearly ,random n~ture of the turbulence allows applica-

tion of the ideas of stationary stocnastic processes. The statisti-

cal quantities measured are the turbulence spectrum and the load 

spectrum while the mechanical admit-wnce is calculated. l"rom these 

measurements and calculation)the aerodynamic admittance may be found. 

~t.i~ this aerodynamic admittance which is of the utmost importance 

in conSidering the ~ynamic responsreof bluff bodies to turbulent 

flo\'1 fields. Past \'Iork has shown that t1:le aerodynalilic admittance, 

I A I ~ aepends on tIle ratio~~ Lx/D. 'l'he response of a b,luff 

strucl..ure inyolves fu"'theL' difficulties, as the fOl'ce coefl'icients 
.'rJ.f~ r 

, . CD ana CM cannot be regarded as constaats and the change in the flow 
~L(,~· (-:~.(. --.---

tM I pattern due to the presence of tile §>tructure;,cooplicates'-t'he'relation-r ., 
({-,./' , 

.J ship ~etween the veloci,y correlations in tlle free stream and the 
:)c ? 
er!.' pretisure correlations on the structure. I/hile I A /2 .cannot, usually 

be calculated tneoretically the deter~inati6n by Douel exper~ment 

still allows the use of a distorted scale of turbulence provided it 

) , is assumed that there is a linear relationship between Su'(!) and 

Sn (f). 

For a linear system under stochastic forcing the ratio of 

the response spectrum to the input S1)ectrum is equal to the absolute 

square of the overall admittance. ior the case of a bluff body im-

mersed in a turbulent flow i1eld the load may be recarded nsthe 

res~oDse and the velocity field ac the input. 

The relation is given by: 

I~ (/) 
N~ 

/ rp /'- . 
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where 

'l'ilere fore 

12 2 
--~-

/<P/~ I AI ~ !fu, L /) 

4/;;" Cl) 
u~ 

rleci:anical 'Adwi ti;ance. ----------------------

/ 

_ /A/~ 

1'11e measured quan"ti ties are the mechanical admittance 

(the mechanical admittance is calculated by measuring other parameters 

'discussed below), the load spectrum and the turbulence spectrum' 

In calculating the mechanical admittance for each case 

of balance-model assembly it was assumed, as a first approximation, 

that the assembly acted as a one-degree-of-freedom damped oscillator. 

with Ks 
"tn 

The motion could then be described. by the equation: 
?n~ + ex.-+ I<s x. ~ PC!:) 

5" -I-~ X. ~ ~ Y- :::. ~ PCi-) 

w:l. and s.. :::: .2 ~t.J..Jo the above equation becomes: 
n? 

•• Cl n • ... 2.x. = ..L pciJ 'co -l- iL-1{, wo,c. -t- U-' 0 ,.,.." 

.~ 

,~-;{,,-h .. ;, 

Consequently the square of the mechanical admittance is 

eivcn by the modulu!3 of tile tran!3fcr function,i.e. 

2. ftP/ :: 
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Tberefore to calcula-tc t;he mechdnical udmi (. tance ,,:e only 

need to measure rn, wo~ w, and c. An example of the calculat~oti of 

the mecllanical admittance is given in appendix E, while calculated 

constants for '11e assemblies are shown in ~:ig. 1.44 and 145. 

As no tneoretical development exists today to I~lly account 

lor "(;11e response of a s"Cructure j.n a t;urbulent :rield the linearized 

appro~cu used by .uavenport; \.He1'.21), is utilized. It; is obvious tHat 

a linea.i:' ~l1eory Vlould generally be. valid ~or only very small displa-

celtwni;s ... 

In considering the problem a simplified pnysicaJ. sit;uation 

is assilmed wiwre tneL'e are no spatial varia"{;.ions in velocity, so that· 

tile veloci ... y fJ.uc t;uat;lons are a function of t;ime only. In steady 1"low 

the force per uni-c area on an'object iillmersed ill tile flow fiel~ can 

be expressed i.llcile usual form: 

iI \;ile 

1:11e.1"e ls considerable eVl.dence \.ne£.68), tHat suggests t;.ilat t 
110\'1 1.s uns teatiy, the nUJ'iIerical value 01' "Che· drag coei'ficient 11 

1\ 

is quest;ionabl'e. As a lirs!; approximation, however, it cmuld be as-

sumed t,ilai; in ulls(;eady 110'u t.ile drag per unit ai'ea is rela"{;cd to ~l1e 

veloci ... y by \.lle relu.-clons: 

t p:: J e u.~ Co 
\ :1.. 

and P c;t) = ~ eZi'CiJ CD 

\11;0,,'e 
~ ~ f, C 6) = J.,. P I ~ 'Zk" u-C.t ) '" :z;. -I- ",,' 
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ignorJ.ng high order terms we obtain: 

p-+p' :; ,1 e aJ!Cp +e uu ' 0 
'thereiore p': uu'C; 

I 
f 

and Ce ii,Ct»:l. U/~ 
------=4-
/" -2.')~ l. ~ eu. LO ' 

, ' " (1) 

S.i.nce we postulaLed a linear relati0I:t, i~ iollows 'Chat 

the normal.i.zed power spectra are rela~ed by: 

.;. .r~ cl) 
-:2-
N 

=--4-
./ J'J/ {/) .... ('fl) 

-:t,. 
U 

However it ilas been shown by experiments in a water tClnk 

(Ref.63) ~.tlat t;ilere is a val'iation 01' ti'ie drag coe1'fic:lent associa-ced 

wit~l \;one irequency of the flow iluc (;uation, and. tHat ~IJe coel1'J.cient 

is only equal to 'ti.e s l;eady value or CD when the wave.length 01' the 

iluc.;ua.;ion. ~-' is large compared wit:.h 'the size 01' t.iie model. At 

shorter wavelengt:.ils tile drac; coe1'iicient increases appreciably. 

... 'i:.herelore, s.i.nce p ~ l.n equa'tJ.on l2) .i..s based on 'tlie s'teCldy 

f.low value 0.' Cu, i. ~ "Jould iJe l:easona;,le t.O modJ.i'y eqn. \2) to: 

./ f?1, C ./) 
-~ N 

~lli.J,.,cac ~e.L·.i..s ~ica.lly, a turbuient flow will have spatial va-

riations, that can be correlated ove~ local areas only. Clearly, the 

resistance of an object of finite size,' placed in the flow, will be 

dependent on the size of the object relative to the size of the area 

whero there is a positive correla~ion. Futhermore, if the resistance 

is being looked at frequency by frequ0ncy, it will depend on the 

spatial correlation of the velocity for each particula.r frequency. 
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Consequen'Cly assumillg i;;nat Rn (I) is a Irequency dependent 

iunction taking into account the spatial correla'C10n of the veloci~y 

the force spec ~rUl:l ci:;l.n be thought of, as a runction 01 i;. ~!e \,ype: 

If~c./) 
-~ N 

The mat;ni"Cude 01 R." cl) is clearly sucn tilat, for low-frequeni 
.' . I 

!luctua~ions ~lCli-ge w ... velengtils compart;~ wi~~.h the body i "self), ~ne I 

correla~..i.on oil: tne veloc.Lt;y will be effectively unity through the 

region of flow 'affecting the body. At very high frequencies, i.e. 

very small wavelengths compared with the body' typical dimensions, 

. ; the value of Rn C /) must approach zero, sllnce these very small ed-

dies cannot be expected to affect the resistance. Transition must 

'occur over some . intermediate range of edd<1:F size. 

ls it is noy p'ossible, in practice, to separate all the 

'various quantities contributing to the overall drag coefficient, in 

the present 

quantity 

'work, the [Purpose ba:ic~llY was to measure the overall 

R.", (/) c~=./) j by measuring the force spectrum 

and the velocity spectrum and determining the ratio of the 'two 

after noise and mechanical admittance were accounted for. 

I In. (/) -:- . R-n (/)[Co c/) ~ 1.~ ·CS ) 
U~ Cl> } 

~'olloVlinc electrical nomenclature the ratio of tl1e output 

to input power spectral densities ,gives the square of the absolute 

value of the adr.1ittm~ce. It ia asaumed tnut 'CUG aulDittnnce includes 

all the u~cnown factors which in this caso nrd presented by the cxprca-

sion R.,.,C/J[Coc;+) r 



Therefore 

~he normalization of t~e load and velocity spectra 18 not 

expected to affect tuc above relat1on. 

\. 
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13. lJESCRi'l'IOll OF APPA!iA'l'uS. --- -------------------------

i.'he. metilod of mounting the model was described in sect;ion 

6.2.2. Care was required in the manner of supporting the model so 

'that extraneous inputs and vibrations in tlle frequency band of inte-

rest could be eliminated. The mount was thus isolated from the wind 

tunnel by being l::Iupported directly from tHe concrete floor beneath 

'tHe tunnel .... he moullting proviaed four degrees of freedom used to 

align tile model accurately Wi tLl tile airllow.- unce aligned} tne mount.:. 

wi'til tile mouel, could be held ai.; posi1;ion wi,;h tne use 01 set screws. 

lo'h\:: natural frequency of 1;.l1e model - ,mod:l..fiea) ba1alJce assembly 

varied with tile mass OL tile moael Lrom about 36Hz .i.or tile smaller 

J plates to ai.lou~ c4liz ·1'01.' the larger plates .. 1'he circ.ular cylinders 

and orthot;;onal pal'a1lepipeds natural frequencies are found between 

these two limits. Any acceleration present at the top of the mount 

was not accounted for. It is thought that any acceleration present 

would have been negligible so that the equivalent force, if any, 

would have been small compared with, the wind forces. 

In calibrating the load balance a zero null reading was 

taken, for eqch model - modified load balance configuration, with 

the balance and model assembly in its normal horizontal position; 

the balance was then mouni;ed in tile wind tunnel in the position to 

be used and calibrated weicilts were applied on the surface \'lllCre 

tile wind loaus we.·e to be experienced and in the drag direction 

tilrour;h n low fric1;.i.on pull:':! systcm. 'l'~e calibrations Vlerc accu-

ratc1y l'cpcata~le ulld littll~ hystt'rcsls wan noted. The cnlibrll.tion 
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was cc;l.L·ried o...;,t on a ui.imcer of occas1ons durinz; t.ile experiments and 

no va.t"iations wei~C de'tec!';ed. 'J.'he output remained proporl;ional to 

the QPplied load over a £ange 6xceeding ~hclt required in the expe-

riments. A typical calibration curve is silown in ~·ig.l1 • .3;. 

It was found 'Chat t.;lere was a srua.l.l error assoCl.a1;ed with 

cl.angl.ng ~he pOinl; of applicaY.l.on o£ the loaa, shifted in Cl spaIlwise 

direction. 'l'bis e1'1-01' was i.:I.n~i-syjjJme'{;ric, v/itil reference to the ver-

tioal - z-direction - ce:ltreline alone; the plate. ':':"11e errors when 

tile load was appliea. en-cirely a (; 'tue edge of the ~i.i<=2 plate were aoout 

10%; however til1s1s an extreme si tuui;ion which is i::llought cOUld not 

occur 111 pl.'ac i;ice; tue mC:lXl.mlUiI sllln;s 01' '{;£le centre of pressure could 

be expec ;:;eu [;0 De a swall i·ra.c\;ion or t!le plate 'w,id'th. :"'herefore, 

'~tne e£J.'ec~ 01 the I,otal 11uc(;uu~ing 10blQ will be small. In general, 

it could be said that all the implications of a balance of this sort 

are not immediately cleqr. In the case of a normal flat plate there 

can be no'side force or if such a force does exist it must be very 

small. If there were Cl centre of pressure oscillation of this sort, 

the interaction discussed above would cause it to appear, incorrectly~ 

as an oscillating force occuring at the frequency of eddy shedding 

from one side of the plate (Strouhal frequency). Genuine force 

fllm'tua\;iollS due to snedding would occur a't twice the utrouhal fre-

~uencF, s~nce ~he iorce would,be afie~ted by sheddinc from e~ther 

slde"o~,~he model. 

13.3 Ex~raneous innuts. ---- -------------~----

J:,xtrancous inpul,$ into the sy:ncm could be introduced from: 

a) }<'10\7 llon-lIorno~cnei ties outsj.de the primary influenced 

zone. 

lJ) E.leCvrolllc lloioe 01 I,lIe ~n5"rumenl,s used .... ino 1s not. 



ex~ected to affect the measurements significantly as 

the noise level measured directly on a Bruel & Kjaer 

Noise Metre did not exceed 0.2% of the typical r.m.s. 

6ig~a1. 
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14. IES.A..K ~iOiE!,.LA T I 0:: • ----------------

In the load balance the transducers used were strain gau-

ges with the followi~g characteris~ics: 

joti.cro-iOleasurements ~ 

ROlJlUlus, Hiciligan, 

Resia~ance 120 ± 0.1/% and a gauge factor of 2.00 ! O.j% 

Stra.in ll.aits = 5000 microstrains. 

Temperal;\.i.l.·e variations are thought to be negligible as 

all measurements and calibrations were carried out within a ~empe

rature range ot 170 - 190 C. 

Po\ver 'to i;ile strain gauges was supplfed "tIJrough a 1) oG 0 

I . 

power" iln.i.t. Tho 'output,o through an ampli'ficr. :\'I13.S fed. into the fro ... · 

'~quency analyse~. '0 • 

The balance output through the strain gauges was fed into 

a D.C. Power Unit constructed at V.KoI. and then the signal was fed 

into: 

a) a r.m.s. mctre~ 

b) digital voltmetre, 

c) frequency analyser. 

A schematic diDgI'llm of the arrangement is shown in Fig. 

° 276. 

Froo ther.m.s. meter the r.m.s. value of the fluctuating 

drag was obtnined, while from tho diCital voltmeter - which was s~i-

tably adjusted durinc the calibration procccturo - the mean drag was 
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given. 

By fe~ding the signal into the frequency analyser the 

load spectrum was obtained. 

Comments on the Performance of the Balance. 

The initial balance used, shown in PI" VI, \'las found in-

adequqte for use with the throe-dimensional bluff bodies. The rea

son was the vortex excited oscillations which provided additional. 

unwanted inputs to the balance. In the cane of the flat plates the 

initial balance performed natisfactoriJ:y- as the cause of the above 

oscillations was,' to a great extent, suppressed by chamfering the 

edges of the plates,)Pl. XI and PI. III. 

In order to eliminate the above difficulties a new balance 

was designed vlhich responded , mainly, to inputs in the cr::tg direction 

only. This was achieved by using a linkage mechanism as the main arm 

of the balance. The modified be.lance is shmm in PI. IX" This arran-

gament proved adequate. The balance was chequed for additional in-

puts when transverse Q-isplacoments of the models were taken place, 

by placing weights on the models (the weight acting in the z-directi-

on). A maximum displacement of 3r.1l!l VIas achieved in the z-direction 

without any appreciable output from the balance. A second aspect 

of the previous arrangement ",hich VIas improved by l:lodifying the 

balance was CX'.certain instability of the mechanical admittance. This 

instability was noticed with the orir,inal syntem. The instability 

vms presumably caused by the flcxure links being connected to a 

comparatively small aluminium base which was fixed to the main 

supports by screws. Thts caused, occasionally, some slippage 

to occur durin.~ vibration, at the interface of the tvlO differ~nt 

motnl piecon. As a rc[;ul t cnrt-fix1 ty c'ondi tion!l were changed 

and n shift occurred in the natural fro'!uencies of the model-balance 



systems. With the modified balance a much larger base is provided 

and this helped in attaching .the balance' to the main frame more 

easily and rigidly.·Heasurement of the parameters required for the 

calculation of the mechanical admittance before and after the expe~ 

riments showed no variation. 

Although the balance was shielded from the airstream by 

placing it inside a zero camber aerofoil section a hole was neces-

sary on the top part of the section to allow the exit of the sting 

supporting the model. In order to investigate any adverse effects 

present on the balance outp~t~by the air entering the section, the 

\'rind tunnel Vias run with the shielded balance in place (no model) 

and the balance putput was noted. This output was found to be negli-

gib1e, being not Core than 1% - 2% from the value of the mean drag 

noted with the smaller circular disc atta6hed to it. The same was 

t~ue for the effect on the fluctuating drag. 

The errors,in the present investigation could be divided 

into the following catagories: 

1. Heasurement errors arising from changes in the equip-

ment response, innaccuracies in calibration, reading errors, and 

so forth. It is difficult to estimate ·the total probable error of 

a system as conplicated as the one used here. The accur~.c:r of vo1t-

meters ~nd other instruments used in calibrations is generally 

within :!:1 to *3 percent. Repeatability of the strain-gauges caliura

tions is about of the same order as inevitable changes 'occur in the 

electronic circuits becauso of tube aGinG, line voltage fluctuation, 

and so forth. Thereforo a total error of several porcent has to be 

considerod. 
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2. Statistical errors, arising from the fact that the 

power spectral densities arc measured as finite time average. Since 

the power spectral density can be considered an infite time average 

of the filtered Signal, a measurement over a finite time has to suffer 

in accuracy. Fortunately, it 'is possible to esti1!1rte this error on 

the basis of results pre'sented by Rice (Ref c :50). Such as an analysis 

applicable to the present measurements is presented in a~~endix F. 

The'calculated r.m.s. error curves in Fig. 31, were used in 

choosing averaging times at each selected frequency. In general a 3% 

r.m.s. error was planned for the power spectrum measurements. The 

experimental value of the transfer function, computed as the ratio of 

two such spectrum measurements, could then be expected to have a sta

'tistical r.m.s~ error of the order of 5%. One has to realize however, 

that these nUInbers refer to the r.m.s. error, of an infinite ensemble 

of measurements performed under identical conditions. All that can 

be said regarding an individual measurement is to state its probabi-

1ity of beinG within specified l~mits of error. For instance, if the 

probability density distribution of the transfer function is assumed . 
to be Gaussian (approximate analysis indicates that this may not be 

an unreasonable assumption), a 5% error implies that a single mea

surement v/ould have an approximately 90~~ probability of being \'1i thin 

:!:10% of the correct value. 

A series of individual measurements at different frequen-

eies would show scatter of the order of the r.m.s. error. In the 

present case, it is not possib~e to say definete1y uhcther the few 

points at low frequencies reflect an unduly large scatt~r or an ano~ 

malous behaviour of the transfer function. At higher frequencies, 

where the computed averaginc times were also generally exceeded for 

practical reasons, the ocatter iD of accept~ble macnitude • 

• .... , . 



The best way to increase the reliability of the preoent 

results would be to obtain a large number of power spectrum measu

rements at each selected frequency. The average of such measurements 

would be essentaally equivalent to a result obtained by using a lon

ger, otherwise impractical, averaging time. The statistical accura

cy would be correspondingly improved and some measurement errors of 

random nature Vlould be minimized .. 



RESULTS AND DISCUSSION. 

Discussion of the General Exuerimontnl Procedure. -------------------------------------------------
The present investigation being basic in its nature the con-

sbruction of complicated models was thought to be uneccessary. 

Attention has been paid to the instrum~ntation used especially 

after the poor results obtained with the use of the initial balan-

ce. The modified balance gave considerably better results. It should 

be noted that the instrumentation used was the best available at -

the time. 

For the large models blockage corrections were used~ 

-Detailed description and specification of all apparatus 

"and instrumentation were dealt with in previous sections. 

The objectives of the work were to consider the follo~ing 

aspects of t~e problem: 

i) A general determination of the aerodynamic admittan-

ce. 

2) The aerod1namic admittance, including the unknown 

factors 'in the velocity - for-ce spectra relation, in 

thought to be of primary importance. By considerine t~e 

aerodynamic admittance of a number of bodies it is hoped 

to consider the effect tlie-; followi-ng parameters have 

on it: 

a) frontal area of model, 

b) aspect ratio of model, 

c) turbulence level, and 

d) scale of turbulence. 

3) The v~rintion of the menn and fluctuntinr, drag. 

The rel~tion between the load sncctrtlm nnel thc_ vf!loci ty 

spectrum toecther with the derived nerodynn~ic adclttnnce nre nhnwn 

in Fig. 147 to Fie. 23~. The aerodynamic ad~ittanco is ~ivrn as th~ 



geometric difference between the respective points on the two 

log-log curves. According to the linearized theory this differen
~ 

cc is equal to4 J A f • Therefore the variation of the aerod!lnamic 

admittance with a reduced frequency is presented as 4 x (aerodyn~-

mic admittance) ~ frequency. 

It is a general characteristic of all curves th~t at 

higher frequencies, the force spectra fall off faster than the velo-

city spectra, ~hich indicates a reduced high frequency response. 

The linearized theory pre?ented_in--the-text implies t'hat 
~, - . (/ ') 

/-f',,< ,V.\O~ , 

at low' fr'equencies thej\aerodynamlc admi tt~nce should approach the 

value of 4. Although there seems to be such a tendency we could not 

be emphatic about it. In few cases the values of the aerodynamic ad-

mittance go above this limiting value; this could be attributed to 

wrong readings taken from the analyser. It is thought that the accuracy 

of the results at lOVler frequencies is rather limited. This is ex

pected if we consider the inherent difficulty of measuring spectra 

at low frequencies. Even at higher frequencies the accuracy of the 

force measurements is questionable up to a certain extent, as the 

load spectrum determination required the lowest range in the frequcn-

cy analyser, i.e. while the velocity spectl'um w~s readinmV, the 

load spectrum was measured in fAV. A d.c. current supply unit wc'.s used 

to eliminate the effect of the 50Hz - 60Hz mains, but this was not " 

proved very 3uccesful. In the load spectrum curves the 50Hz readine 

is omitted. ,In general the measured values of the aerodynamic admit-

tance hn.ve considerable vn.riation around the value of q, havinr, 

greater values for t~e smaller models. 

The load spectra did not chow any peaks. This is rather 

suspect as at double the 5trouhal frequency a cert~in nmnlif1cation 
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was expect od. All the same turbulence would h~vc attenuated such 

peaks. It io thouGht that .even if the peaks do exist·, they should 

be very narrow (otherwise they would hnve been observed} and con

sequently are expected to make an insigni ficant contribution .to t~le 

integral of the power spectral density function and therefore have 

a negligible effect on the mean square value of the drag component. 

The results for the prisms tested are expected to suffer 

from greater inaccuracies because of the transverse fluctuations 

induced by the shedding of vortices. The same applies for the cir-

cula~ cylinders. The effect of any reattachment of the flow on the 

sides of the prisms is not exactly known. 

Effect of Frontal Area on Aerodynamic Admittance. -------------------------------------------------
One of the parameters which is expected to affect the 

response of the model is. the model frontal area. 
.' ~ 

Fig.238,242 and 246 present the results of -4 J A I plot-

ted against a reduced frequency I A for the slotted, 30mm holes 
. 'u,Ly 

and 50:nm holes baffl!ls produced turbulent fields, respectively. 

Within the·:experimcnta1 accuracy achieved there seems to be a tendency 

for the ree~lts to c~llapse on a single line. This could be taken 

as an indication that there is a certain dependence of the ~ero~ 

dynamic admittance on the frontal area of the model. For the same' 

reduced frequency, the larger frontal area mo~els have a smaller 

aerodynnmic admittance, co!;tpared to a model of smaller frontal <trea. 

As the used reduced frequency has the corresponding ratio of 

frontal area to integral scale of turbulence as a factor, it could 

be concluded thnt the lateral scale of turbulence in conjuction 

with the frontal area play a role on the aerodynnmic admittance 

, 



of the models. 

Effect of Aspect Ratio on Aerodynamic Admittance. 
------------~----------~-------------------------

A second parameter which is expected to have a certain 

influen6e on the aerodynamic admittance is the aspect rDtio of the mo-

del. 

Fig. 237, 241 and 245 present the data for the AR =1, 2 

and 4 flat plates in the slotted, 30mm holes and 50mm holes baffles 

produced turbulentfie1ds respect1IVely. 

Fig. 239, 243 and 247 present the res~ective results for 

the square section cylinders while Fig. 240 , 24/f and 248 present 

the respective data for the circular section cylinders. 

For all configurations used the trend for a decrease in 

aerodynamic admittance as the aspect ratio increases is evident. 

This could be explained if it is considered that the correlation 

~f"the forces on the model - when the AR increases ~ is reduced 

with a consequent reduction on the ratio of the force spectrum to 

the velocity spectrum, i.e. to the aerodynamic admittance. 

One might expect that tha aerodynamic admittance of the 

square section cylinders should be lower to those of the flat 

plates due to the :possible reattachment of the flow with" a con~ 

sequent reduction in the drag. This is not obvious from the pre-

sent results. 

The way the de~ree of turbulence lovol affected the aero-

dyn~mic admitt~nce, w~sloolted at by considerinr, the aerodyn~mic 

admittnnce of the same model for the three tUrbulent fields used. 

The aerodyn~mic ndmittnnco for each moctcl for the thre~ turbulent 

fields is plottnd in Fir,. 253 to FiC. 263. 

The (;~ncrnl trollcl obscrv(>d in thnt EHJ thlJ turbulent If!,,~l 
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decreases the aerodynamic admittance increnseo. Theoretically 

this is expected because ao the turbulence level tends to zero, 

i.e •. the flow tends to become laminar, the aerodynamic admittance 

versus frequency plot should approach a single p01nt, of 4\A\\:;4 
, , 

at zero freq~ency. 

Fig.264 to Fi&.266 present the results for all models 

when the aerodynamic admittance is plotted against a reduced frequency 
:. 

fOl' each turbulent field. Because of the refati. vely ereat spreaa 

of~he data a contour presentation is used. All the same the COD-

tours for all turbulent fields seem to correlate. 

Effect of Scale of Turbulence on Aorodynamic Admittance. --------------------------------------------------------
The last important parameter considered in conneGtion with 

its effect on the aerodynamic admittance is the integral scale 

of turbulence. 

It has a direct bearing on the correlation of th~ forces 

exerted by the floVl upon the V/hole frontal area of the model. This 

correlation of",the forces ,on the model is expected to be primarily 

affected by Ly instead of Lx. Conseq.uently· in the graphs the Ly 

scale is used. ( The Lx could be thoucht of ~,s giving an indica,tion 

of the time'the model's frontal area is subjected to a continuous 

longitudinal force). It is interestin~ to note that the aerodynamiC 

admittance for the 5Cmm holes baffle produc~d turbul~nt ficld,hnvln~ 

an intc&ral scale (Ly) about 3 times larger than the other two 

fields, for almost all the mo~els tested, is higher th~n the aero-

dyn3~ic admittance obtained for the other fields ThiS, in a c~rt~i1 

way, is suspact ClS in nIl C,,\!1~S th0 n.crotiynr-.:1ic 3.d::1itt.'tncr) iG l)lot-

tcd a~3inst a reduced frequency b:u::~d on the r~tio of the front;'!l 

ar03 to the inte~rnl scnle of turbulence. Theoretically,'!f the 
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aerodynamic admittance was only related to the model~ frontal area 

Dnd the l:1.tr't'n.l tnt-ocr:'..l ~c~·.l() of turbulr:-ncc f th1 -. '::.,y of plottinD 

the data should rcsult in th6ir collap3c on to one curvc. Therefore 

"it is sugt;csted that the variation in the' D.crodyn~U1ic admitt::mcc 

rnentionned ~bove is the rc:.sult of· the aerodynamic admittance being 

dependent on other parameters as well, e.g. turbulence level, 
. . 

ir!tegral scale of turbulencc in the z-direction an,d t"ho intc~ral' 

scale of turbulcnce in the x-direction. 

Th~ conclusions reached by Vickery .(R~f. ,6 J for isotropic 

turbulence, i.e. that for long wavelengths the aerodyaamic admit

tance' is a function of the integral scale where as' for short \'fa

.' velengths it is a function of the wavelength, could t up. to a cer

tain ,extent,:~be. dieduced, ~rol.!};-the~graphs • 

. The mean and fluctuatiri~ drag in relation to the AR of the 

madels were investigated for the plates; square and ci.'rcula.r section 

.'C:ylinders. Inaddi t,ion1 the e ff~ct of the frontal area on drag is 

examined in the case of the flat ~lates. The data are ?lotted in 

Fig •. 267 to :ig. 275. 

Fig. 267 sho~s the mean drag. coefficient plotte~ ag~inst 
-

the' aspect ratio of flat plates for the three turbulent fields. 

The tendency for th~ mean drag coefficicrit to de6rease.ns ·the AR 

increases is obvious. At thc sa~c time it is sho~n. in the ~bove 

mentionned fl[;urc, that thc. hieher turbulc·nce lcvel fields pr.oduco 

sliGhtly hit:)wr menn dr:l~ coc fficicntz. This' rezul t could a150bc 

dc=onstrntcd in n thcor~tic~l ~~f ns follo~: 

If th-! loc.:ll velocity u is not' con~t.:mt \':!!, mrty c:<~t'.r.:.;s it· 

as the zurr. of the 1:1(~nn comr>..)n~nt. li., t"r:'~h~r ..... ith " fluctu,tlnc 
' . 

.. 
. " 

• 
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component ut. 

Ther&fore u = ~ + u' 

Squaring" this exptession and then averaging with respect 

to time, we obtain: 

A form of the local drag force in terms of the local drag 
I 

coefficient, Cpc,J or CD c%:) - depending on the direction chosen -

could be expressed as 

Ne :t j = C" c ':J) • i e ;;. '" Cl +-~ ) f ..!:J -;i, ,Ji 
where the qUantity/f- ;.;.), is d""fined as the intensity of 

turbulence •. 

From the above equation it could be seen that for an 

increase of~ say, 10% in the turbulent intensity the drag coefficient 

would be increased by 1%. 

Fig. 268 presents the results of the fluctuating/mean 

drag of plates for the three turbulent fields. The same reduction 

in t ;; l1~ is observed as the AR increases. ~. 
The effect of the frontal area of plates is looked at in 

Fig. 270 and Fig.27l where the mean and the (fluctuatin~/mcan) 

drag is plotted against the frontal area. The same reduction of 

CD(mean) and of the (fluctuatinr;/mean) drag, as with the case of 

increasing AR, is "apparent. 

For non-turbulent flow f Hocrner (Rci' .61+) hC\s a value 0 r 

drag coefficient of 1.17 for nlatcs with AR up to 5, whrre the cocf-

ficient begins to rise and extrapolates to n value of 1.97 for tt~ 

infinite aspect ratio case. The values of the drar, coefficient of 

plates in the present case are about 10 to 20 percent hl~he~ th~n 

Hoorner's steady value. 
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From the linoarized tho~ry of aerodynamic admittance 

considered in. previous section one w~uld expect, for (say) the 

slotted caffle produced turbulent field (intensity al)out 11%) that: 

l. e . 

. OI'G 

;7 
-Q.. 
N· 

:;;a {J~ 
_.:;.;vv~_:::: 4x CO • .( 

u..t:I.. 

This value seems to be rather low if we assume an exponen-

tial decay law, Fig.268, and extrapolate the data to zero AR where 
\ 

·the theory is most likely to hold. The best-fit relation for the 
~ _ ~e"-:'fi -o.{4AR 

slotted baffle could be given an V -J!;:r: - o. e.. 

In general the iinearized theory meets with limited success. 

The values of the mean dra~ coefficient for the circular 

and square section cylinders are lower than those of the flat plates. 

This may be the result of flow reattachr.lCnt. Considerable reduction 

is also observed in the values of the (fluctuating/mean) drag of too 

circular and square section cylinders compared with those of flat ,. 

plates. 
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16. CONCLUSIons .. 

The conclusions reacheo.D.re: 

1) The aerodynamic admittance seem3 to have a high frequericy fnll 

off at about a reduced frequency,based on the model frontal area and 

the scale cri turbulence, of about 0.1. 

2) Increase in the AR of the models result a in a decrease in the 

aerodynamic admittance. 

3) 
. , 

Increase in the frontal area of the models is followed by a ge-

neral decrease in the aerodynamic admittance. 

4) A d,ecrease in the aerodynamic admittance is the·result of an i11-

crease in the turbulence level. 

5) For the same frontal aroa an increase in the integral scale of 

turbulence is followed by an increase in the aerodynamic admittance, 

6) The linearized theory between force and velocity achieves only 

a limited success. 

7) Hean dra~ coefficient values at 10Vl AR values tend to values 

higher than the corresponding steady flow values by 10 to 20 percent. 

S) The load intensity (fluctuating/mean) drag could be assumed to 

follow an exponential decay curve when plotted against the AR. 

9) Fluctuating and mean drag for circular and square section cylin-

ders have values much lower than those of flat plates, 
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17. RECOHNENDA'l'l O~;S --- ---------------
The experiments reported herein have been basic in nature 

but have established that the wind tunnel can provide use full infor-
1'(. 

mation and research data for futher study of the f1uctuatins loads 

on structures in the atmospheric turbulence of the earth's boundary 

layer. 
.. 

Improvements could be made in the design of the model and 

the support system thus eliminating possible sources of extraneous 

inputs to the measuring system, i.e. 

The model sting support aerodynamically represents an 

ltafterbodyU that might have an important effect, particularly for 

small plates. 

There might be small errors due to the sensitivity of the 

balance to the point of application of the resultant load. 

These factors should be careI'ully considered in designing 

fu\her experiments using a similar approach. 

'ihere are several useful extensions of these,experimen,!;s 

that could be conducted, using the same techniques as those described 

in this report. At the same time there are many other experiments, 

requiring different approaches, that could also help expand the 

knowledge in this field. Some pOssibilities are listed below: 

1. The effect of turbulence intenSity, as a parameter, 

on aerodynamic response, especially turbulence levels 

of the order of magnitude met With in the atmospheric 

boundary layer near the earth's surface, 20% - 40%. 

2. 'l'he forces and moments on the wings of VTOL and ;.:;TOL 

~ircraft flying at low speeds near the ground will 

be affected by atmospheric turbulence. It becomes im-

portant in this case to measure the response at aneles 



of incidence to the wind throughout a range from 00 

3~ Duplication of the present experiments at much larger 

scale to investigate 'scale effects • .L"his could be an 

extension of the experiments already reported by iJa-

vcnport that were done in natural turbulence in an open 

field~ An ~lternative would be to use a l~rge free jet 

as it is available downstream of any non-return circuit 

wind tunnel. 

4. Increase the variety of cross-sections of the cylinders, 

3-D bodies being the ones usually met with in practice. 

5. Direct measurement of two-point space and time correlation 

of the pressures on the face of a flat plate, including 

flat plates, at several angles of incidence. 

6. A new approach to the problem could be tried by measuring 

the power spectrum of the input (velocity or pressure) 

together with the cross-power spectra between the input 

and output i.e. between veloCity, or pressure and load. 

In this case according to Bendat \Ref.~O) the complete 

frequency response function is related to the input 

spectral density S~,{I)and the cross-power spectral 

denSity Su~ Cl) (between the input and OUt;put). 

'l'his simple (complex valued) formula is 

where 1{ (/J ::: irequency response function 

Hewricing in the complex nOtation 

A 

/S~~ C!Jje.'iecIJ =. ~ICI)/1I.(1)/e ,llel) - - . 5 

which implies that, , I j'Jt c/)/ ' 
/J'I<l;..cl)/= Ju e ) 

_ _ .' C 

and _ ~- 0 
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wLe~e ~CI) ~ CP[/J cvce. ~/-nd ;72- 8J~~' 
'l'herefore,wlth.aknowledge of the input pOVler spectra 

and the cross-power spectra, the frequency 'response 

func~ion is completely determined bo~h as to amp1i-

tude magnification and phase shift. At the same time 

one must always bear in mind the assumptions being 

made when applying any of the other formulas to the 
~ 

present problem. It must always be remembered that 

the; .abQJ\7e results assume; 

1. a constant parameter linear system, 

2. an input which is a stationary random process. 
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A l-fATHEHATICAL BODEL OF THE FLOW SITUATION 
------------------------------------------

IN' FRONT OF THE HODEL 



· . .' ~ .. 
11,} 

NOTATION. 

(Used in the Mathematical Model) 

Coh(-;-,kl ) 

dZ(k,w) 

E( ) 

E(k) 

JO,1, 

Iq 
..l?' 

le 

S Ci'f,w) 

S<'kj) 

t 

u(x.t) 

-u 

u' I 

Cr(r,k) 
~ 

xi 

Xl 

Xo 
, ........ 

({J (k !o:J) 

W 

, 
', .. ,. 

-non-dimensional coherence function 

-complex vector amplitude of an elementary 

spectral component 

-expectation operator 

-s~alar energy spectrum function 

,-Bessel function of the first kind 

'-wavenuw;:,er in the u direction = ~fT~t-L 

-wavenumber vector 

-cross-spectral density function 

-measurable onc-dimensional spectrum 

-time 

-random vector velocity field in space and time 

-m'ean velocity 

-fluctuatin~ velocity component in the Xl direction 

-cross-correlation function 

-sp~ce coordinat~ vector for position i 

-space coordinate in the U direction 

-virtual' orir;in of turlmlence behind the baffle 

~s~ectrum t6nsor 
'~ , 

'-circular frequency 



.-,'1/8 

PART III 

A HATm~l'L,\TICAL MODEL --------------------

In understanding the e~fect turbulence has ori a body an 

examination of the effect the body (especially when the body is 

oscillating) has on tU~'bulence is required., A theory has been dc
.~ 

veloped by Hunt (Ref .. 24) t based on the rapid distortion theory of 
. . 

turbulence, in order to analyse the turbulence in a flow sweeping 

past a body. The rapid distor~ion theory itself, developed by 

Batchelor and Proudman (Ref .~6) I requires the follo~'iing assurnp-

tions: 

a) the mean flow should be irrotational, which limits 

... ~., _ the analysis to that region of the flo ...... outside 

the boundary layers and wake; 

b) & -<-< u so that the only contribution to 

vortex line stretching and twisting co~es from 

changes in the mean flow; 

c) in the time "it takes for a fluid element to be 

swept past the body the turbulent energy dissipa

ted by viscous stresses is' S !!lD. 11 ; this lends to 

the cqndition L; »~ · 
Hunt shows thn t with these assumptions the problc!n 

reduces to thc solution of a nu~bcr of linear equations. 

III t.he present work th~t the condltion~ 

in the free scream arc met as and con~cqucntly 

e f f e c t 0 f t 11 c h 0 cl Y 0 nth c t \l r b u 1 (> n c f': \'I t 11 be::; i m i l:l r to i t!J C f -

, 
l, 
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feet on the mean flow. On the other hand as the sizes of the eddies 

become very small comp:trcd to the slze of the body b· ~ 0 
D 

the dominant cffectwill be the stretching of the vortex lines by 

the mean flow. V!hcl1 -L-,c.:;: 0 c1J~ as in the rresent case it is cxpect,..d 
D" . 

that some combination of t~cse tw~ effects will be present. 

Considering the above, the theoretical analysis of the 

flow field in front of the models in ter~s of the tUrbulence level 

is complicated .. 

It is the author's opinion that the situation could be 

analysed in a comparatively easier manner if thi coherence of Lhe 

turbul~nce field in front of the models is examined.' 

As mentionned earlier it has been sho~n by Davenport 
I 

(ReT v10) , by. Etkin (Ref .H) and Harris (Ref ;1~ tha.t the statistical 

description of the turbulent wind properties can be fulfilled by 
t···· 

specifyinS the general two-point cross-spectrum. This could be 

followed - according to the author's opinion - by'a consideration on 

how the coherence function ch~nges as the model is ap~roachcd 

from upstream. 
. 

Therefore, as a.first stop, a primitive atte~pt is bein~ 

made in findin; an analytical model by which t~e coherence ~un-

ction may be calculated from the velocity pO~8r spcctru~. This im-

pliee that once the spectrur:1 variation in front of the model is 
~ 

known the respective vari8.tion of the coherence function could be 

deduced and consoquently the statistico..l prop('rtics of the varyinr, 

turbulent field as it approaches the ~odel could - up to a certain 

extent - be estirn~tcd. 

In th0 analytical ','Iork whlch follo·:lG th .. turbull~nco 

field in front of the model 1s ~scu~arl homo~~n~ous nnd i~otroplc. 

'I 



as there are only a few measurements 0 f I the coherence function ill 

the atmospheric bOUl1 r1 ;1rV , ...... "'''.', i t ~"'(>r:1::; arJvi 8;).1110 to "lork with til'~ 

simple jsotrop-lf'" !:lodel as a first step. At the s~me time, such a 

model could. oe served as Cl base for subsequent refinements. 

Previous work o~ the coherence of isotropic turbulence has 

been i~estrlcted to simple spectral models '" and experimental data 

have not yet conclusively demonstr~ted the suitability of such mo-
.. 

dels. In the present work it is shown that the coherence function 

can be dalculated from the respective velocity power spectrum~ 

J,9. HODEL FOHHULA'l'ION. 
-~- ------------------

The random velocity field in a flow stream could be rc-

presented by: 

, ., ..... 

The coordinate axes system c~uid be chosen in such a way 

so that x and ut lie in the direction o~ ;. The fluctuating velocity 

field u f (x, t) has zero mean and can be presented by the :B'ourier 

Stieltjes integral: 

U (x~ .cJ e" ot.:t: CJ(~W) - - .(:1.) 
~, -+ I f ,;c*~-wL) /- -

~ 
The integration is over all I<~W space. 

Tho cross-correlation function for the ut velocity compo-
:> - ~ nents at two pOSitions in the flow, Xl and x2 , in a ulanc perpendi-

-100 
cular to Xl' may be defined as: 

where E f J i8 t.h·~ (:xr.cct::1.tion o!1cr"tor. 

For ha:-:10!~on<.:'ou!3, st~lt:f"or.·try turbulence t 1: ~~; function 

dcpend8 on: 



- . . . (4) 

In this CQSC, it is readily shown, by considerine cqns (~) 

and (3) that: -- . f ,: Cr<. 'r. - oJ ?:; J ,A -1"" /-- I , (5) 
C" c -;z: <:") .:= e ~ 'f/ C 1< .. w) 0{.. ¥- c,tu.J •• 

where' 

W ::: (~t U. 

If n6w we assume that Taylor's hypothesis is valid it 

folloVls that: 

. - - - --... .. C~) 

\ .•.... 

and that the cross-spectral density function, defined as: 

is given, referring to equ~tion (5): 

. r .....,' f (00 i -: ;[,L -> . J-.. / ,'. 
;;'<,!I. C 't., WJ = )_ ) ~ e · 'f' C K) cl- f~2 6,.. K", 

.:.00 -co . 
The non-dimensional coherence function is simply: 

. '.~ 

Co.l C;Z~ 1<,) 
__ S C ~G()J - . se 0., to) 

.:: ~ (C$J (ooeiK:'~rfcKjJx~o(~ .. . (~O) 
sc .... ?)~ loo 

where S c. K.).," frP [GO g5 G i!j 00<,. oLK?> ., . . .. .., (.H J 

-00 -00 

is the rncn::;urco, ont'-dimr-nsion,l s~~ct.ru:n. 



"·'1, 

It iG reD.8onable to Gu-r)"pOGe tha.t the. ~urbUlcnce ecncr:ttcd I . 
'by a grid will tend to be axially nymmctric, about the menn flow I. \ 

direction. 

Further it could be assumed that for axially symmetric 

turbulence about the direction xl' Rao·and.Swamy's theory (Ref.6S) 

could ap:ply. Assuming this theory the wav~number spectrum han the 

form: 

where f< == (Il\ and e'Je,., [~ro arhitra.ry fUilct.i.C:!:3 of k and 

. • k l • 

Substituting the valu~ of p (1) Given by eqn. (12) lnto 

eqn. (10) we obtain: 

where --- ---- --

The functions 9, and 9", are difficult to esti!!1<lte by 

direct measur~mel1t. In order to be able to introduce somc·experi-

. mental value some further simplification of tho above theoretical 

model in required. Such a simplification could be introduced by assU
;. 

ming thnt the turbulence is isotropic (i.n. spherically nym~etric). 

In Guch a case con3iderin~ eqn. (12) we have: 

e~ = 0 ... - . . .. . •. . _ ...... 

and G-1 is a function of le only. 

If we let: 

then for nn :!..::;otropi.c fi0.1d, vie hll.v·e: 

- - . . 

__ . (15) 

• • •• (.f G) 

f 
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ECK) . ( 1<.2._I<~) 
4"TT K"'i- , 

(If) . - .. . .. . 

Ho\'[ ECK) 0/'( is the contribution to the total encr~y 
of the flo\'1 from tho.tp,,'),rc of the Ym.venur:Jber space between sJ)heres 

of radii k and k+dk. 

From equations (13), (15') and (16) it follows that, for 

a,n isoLl"op'j.t: ::';i.:1d, 

~ J .,.{ '~l~cu:) 
l.. 0.4. C I{.) gJ ~ - ----a 

:t SCt(,) . I< 
. /(1 

Batche10r (Rcf .. ~q) in his theory showed that: 

. . . 

, .•... 
Therefore it can be seen that a direct relatiaTInhip exists 

between Coh(r,k) and the measured spectrum S(k1 )· 

By Dubstitution of equation (19) into eqn.(lS) and integr3-

ting by parts, twice, we find that if S(k1) Bed its derivative 

with respect to Xl approach zero sufficiantly rapidly as ",-Po-CO t 

we have: 

where Gce) = ~Ct:J:J -4- ;;; (§!) __ ... - - - - - C~J,) 
:2.. (!;J 

In Fi~. C the behaviour of th(' function G{G)is shown. 

From the curve it is coon th~t 

6=-(e) -1-1 as e ~O - . _ _ _ .(!t2.) 

and th-:l.t ., / 5) 
G- C e) -1-.. I _ c.o& (e - !!4.) + 0 (J ~ r.J . - "\..9-

V!i.Tt e 

6 -:.-- CO 



1 ~7-:t . ..... 

Therefore if.t·he form of SCK,) or ECK) ia'known, \'IC can 

evaluute Col e'l) 1<,) from el ther eqns (20) or (18), by a sinr.le int t':;:;r:i-. 

'tion •. 

A further simplification could be achieved if ue consider 

a small spacing between t!'le two measuring points. In such a case 

eqn (20) reduces to: 

GoR. C I.:..J.~) .. ::I" 
,0 

This is solely a 

. 00 . 

1 _ _ ~ :t_ '1J< S <:~) elK. ... - ... - .. C.~4) 
SCI<,) " .' .',. 

function or' the sneetru~ Se,..:,.). 

If nO\,f wc· consider' thc spectra obtaihed in the Tlrcvious 

experimental investigation it could be Recn that the ona-d1mension~l 

spectrum could be measured with a satisfactory degree of accuracy in 

.. " the region from the encrT.! contailiin::;·~·l3.Venull'bcrs' to hleh~r wnvc-

nurnbers. 
o " 

To try to obtain the coherence tunction f~om'th6 exp6r~~cn~ 

tally obtained low ir-equency spectrum could not be ac1vicable as th~ 

~~ri6trum itself is not measured within a satisfact6ry accuracy range. 

Therefore ~n th~s work it was thought advisable to consid~r the rela

tion (as-tar -~s- the '-ac't~i practice was conccr~~d) bct\'lecn the cohe": 

renceand th~ respective part of the energy spectrum in the higher 

.wavenur.:ber range. 

20. NOD~L PREDtCTION. 
---------~-------

The experi~~ntnlly ~ctermined verocitr pow~r ~pcctrum 

tor the slotted bnffle producndturbulen~ flow field at the teat 

section is~hown·in Fie. A• Thcrart ~f the velocity ,ower spectru~ 

sho','/n' in Fl~.A re pre~entn the n~rtion' of the o:<perit:1C'ntn lly de ter-

·'mined· upcctru::1 frem thlJ en·~rr:y c.ont:ttnin~ rt'r:1cn lo t~~f' 1n"rtinl 

. 6ubrance. The rlcl'ivcd cohcr(>llce rune t. ion, rro~ thin epec l ru::;, for 

'a amnll s('r·""\r.'lti(ln {!l~t""\nc~ l' 1::; r.h:o~·:n 1.0 Flr:.Il. Th n '!f\r.i"::,t 10n 

. , 

I 
.1 



. , .. ' 

, .. 

of the coheren~e functicn 1s baood on eqn (2/f)'0hich iD true for 

only 0l!-;a11 vn1u.cG of r. In this C~~.80 r was taken as r =0.5mnr. It 

i8 ob.'/tous that. for larGO!' vnluc~,) of r eqn (2/t) does not hold. 
t 

DISCUSS ION OF THE j·:r·.TE:~!,jATICAJ; r·jODEL. 

The mathematic~l model arrived at, eqn (24), for the detcr-

minatioti of the coherence of the turbulent field, from the rcspe-

ctivc velocity power spectrum, soems to givc.~ satisfactory result. 
". . 

It should be noted that the actual mathematical model is rcprcGent-
\ 

cd by eqn (20)$ cqn (24) being a nimplification of this. A second 

r;Bct that should be conc-lldcred is that the d,;ri'laticrn of the model 

assumed an'is~tiopic field. Although this could'be acceptable for 

anJ~ first a.ttempt in deriving a mathematical model it is far from 

being true in actual fact. The resulted plot of the cohorence fun-
~7 

ction against k~~~ not seem to have the exponential form usually 

associated with it; examples of expcrir.lentally determined coherence 

functions are shown in Fls .26 to Fig.28. Tho simplified for~ of th~ 

equation assum8d could be the reason for it. On the other h~nd it 

should b9 noted that: a) the wavenu:r:ber range considered is rather 

limitcd~ and b) only the hiGher w~avenu':1ber range of the v(docity 

power spectrum was considor~d. Nevertheless it could be said that 

with further refinement the present m~thcmatical model could attain 

a more realistic nature. 

The r.nincanclusion reaclF'd in tryinr; to find a nathcr:ntic'lJ. 

model for the calculation of the cohnrcnce function from thn sp~c-

trum function ~~s thnt n c~rtain cucc~ss w~s achieved 



J.1cthOd~ it is obvloU!J tInt):J.t wou:'.·d Ifi'\l':.i: poss~h.lo the utilizntion 

of the cOliJp10te equation rC])l'esentinf, the mathcnw.tieal model. If 

this is tah:cn furihu- perh:'.ps 1 t would be. possible to csttmnte the , 
coherence function from nny spcctru~ resulting from a turbulence 

field the nature of which would not be restrained (ns far as numerical 

ca.l~ulations arc concerned) by non-isotroptc or l1on-cu::isyrmt)trlc 

properties. In such a case the mere measurement of the sp'3ctrum 
. 

in front of a model c01,lld possibly Give us the ;':hole picture of 

the.situation. 



GEITERAL conCLUSIons. .,' 

a) The examinatio~ of the int6rnction ~f the flo~ with 

the model has oho\'ln that the mere presence of the model distorts 

the flow in such a Ylay thnt the correlation of the forces on the fron-

tal surface of it decreases. This decrease' is more pron01.lnced in thQ 

case of the rigidly held model com'!Jarod with the cO.sc of the freely 

oscillating model. Consideration o~ the harmonic content of the osc1l-
~ 

lations of the model (model extern:l.lly e:{cited) has shown that the 

integral scale of turbulence decrc8.scs as the frequency or/and ampli-

tude of oscillations increaso. 

b) The variation of the €'r.;nzy level of the different eddies 

as the model is approached from upstream seems to follow a p0\7er law 

decay curve~ 

c) For-the regions of low frcquencien the prensure spectra 

at the stagnation point on the model coincide with the volocity spectra, 

the latter measured just in front of the stagnation point; at higher 

frequencies the pressure spectra fall below the respective velocity 

spectra. 

d) Increase in: 1) AR of the models, 2)their frontal ar~a, 

and 3)the turbulence level~ is followed by a decreaso in aerodynamiC 

admittunce. At the same time it should be noted that the linearizcd 

theory used between force and velocity seems to achieve only a limited 

succeSD. 

e) The load intenSity, when considered asa function of AR 

shows an exponenti2.l dec::ty law. 

of the coherenco function frOl:t the spectrum function SCf:-"W to hnvc 

achieved a cert::tin success. 
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rtt could be assumed that - approximately - we have two 

normal distributions of the fluctuating velocity given by: 

_ 1- ( U:).t 
N ~ C·u~) == N, e:l cs; 

I 1 cr,{ii; 
- . . ... 

where 

~ Ct~.) f;.ct6 ... respectivE: probability density functions 

N,,, N,. . ... respective number of observations for each distribution 

,....,.- . standard deviations of respective distributions Vt"v,..··· . _ 

The combined distribution is defined by: 

where NI +N,.::::. N 

The question is to examine this distribution for normality. 

Sinoe the two frequency distributions N., RC'!<-) and N~ ~ c~) nr e 

each normal \'lith mean zero, (aGsumed), the combined distribution N pct- t
) 

is also synlmetrice..l about zero. 'lOhe mean zero assumption is valid 

as far as th~ experimental data are concerned as the probability 

density function displayer could be adjusted RccordinGly. Con-

sequently, for the moments of the frequl3ncy distribution, f.rrL' 
defined by: 

- .~ -- 1\3 



:where 111 j.s a. posi ti ve number and desie;nntes the moment order, 

the following rele.tions apply: 

f~== 0 (?n cdai) 
1\4 .. - - -

A~ *0 Crn. eyen.) 

.. . . . 

and has a fixed value of: 

3-

In order to examine the normality of the distribution 
'. 

defined by equation B.2 consider only the value of ct4 ' the coef

ficient of kurtosis, for that frequency distribution. 

By definition the coefficient of kurtosis ~ for the distri

bution of the equation ~.2 is given by: 

-I [ 5: c,l/ N~ p,c ,lx/.J.i.+ j:uj+ N .. P,. d1 
N( + AI:? -00 

Cl..q ::. 

£ i: (u/- { N,l: c,,l) + N:L?<. C zL) J etu..' l ",,'+NL 

which whon simplified yields: 
I 

. ! 

. . . .. . . •. _ .. . ~ . • . A .. 
rI 

From CqU:l tion R. G a ncccsn~ry cOlldi tion for the 'in t.rl:·u ti-



to be normal is that ~ be equal to 3. l"rom equation 

A.8 this condition is obviously true only when 

. ~)~ 
( tV ( t:rt ~ + /I/:t, 0"",.,. •••••••• • A.. Cf 

Expanding the term on the right and simplifying yields: 

. -- ..... - - -_ ... 

Equation A.lO is thus a necessary condition for the distribution de

fined by R.2 to be normal. However, from the inequality 

.. .. . . . . ... .•. It J·I 

the only case for which equation A.lO holds is when a;::. ~ • 'l'he

refore the distribution pC'K-) has a normal distribution only for . 
\. the trivial ·case r::r; ~ a.i • If CS; f:~ it also follows from equation 

n·.lO that the coefficient of Rurtosis a4- fOrNF(lV) given by equation 

A .• 8 is greater than 3. The combined distribution consequently has 

an excess of kurtosis. 



7 

. ' 

·".T. 

Hot-wire Instrur.1Cntation. 
-----~-----.--------------

Each hot-wire \7aS calibrated by mounting it alongside the 

referOllce pitot-statiC tube in a constaut:f1ow velocity region, i.e. 

the wind tunnel test section wh~n ~mpty and with the turbu1~nce gene-

rating baffle removed. 

The initial voltage Vo at zero flow velocity Vias noted. :i:he 

wind tunnel was then run at different speeds starting above the maxim 

floVl velocity expected. The flow velocity·was:then reduced· in steps 

·and for each speed the voltage output of the wire VB was 'noted • 

By plotting the expression {~r-~] against V Cm/G), the 

flow velOCity, in a log-log plot a linear relationship was obtained 

and the coefficient that has to be fed into the linearizer was given 

as: 

The voltmeter gain adjustment was then set to a convenient 

value at will. 

A typical linearization curve is shown in .ltlg.l2. 

The linearizatlon of' the system was verified by plotting 

volts agtinst flow velocity as in FiG. 13. 

The linearization procedure used above Is not applicable 

for low velocities 1.e. 0 - 1 rnls say, and conse'quentiy the relation 

of volts against flow velocity below 11:1/s.1s not quite linear. This 
• 

is expected to have no effect in the pres6nt work as the velocities 

used are well above this limit even for cases for which the flow io 

. -"!,.~... ........ • ~ 

"'" ... 



1.4+. 

retarded. 

Calibrations were repeatable, exc~pt for reoidual temp~rat~ 

effects drifts that were normally less than 2%. Attention has also 

been paid to cleanliness, i.e. the e~periments were interrupted when 

the laborator~~ atmosphere was not clean e.g. use of smoke in the 

neighbouring ~ind tunnel. 

'rhe frequency response of a hot-wire system can be viewed 

as made up of two separate parts: 

1. 'I'he response of the system to a coherent two dimensicrnal 

sinusoidal gust~ 

2. ~he attenuation of the real three-dimensional turbulence 

due to the finite lenght of the hot-wire. 

The basiC; response· of a constant temperature. hot-wire 

a~emometer.has been treated widely both as to the thermal lag effects 

of the wire and to the electronic characteristics of the anemometer 

networks. Square wave tests have shown that the upper frequency li:1it 
" " . 

for the different 'anemometers was between 25 - 3CkHz. 

The ~econd aspect of the anemometerh response arises becaus 

"of the three dimensional nature 0"[ the turbulent flow. The wire then 

responds to the integrated average velocity fluctuations along the 

wire "if a locally two-dimensional cooling. relation is assumed. An 

error :lLs then introduced in the mean square measurements. 

Ref. " discusses the form of th~se corrections in detail •. 

I 

They are usually snaIl because the correction is an attenuation of the 

highe"1' frequency c~:H:1ponents which usually contain only a small fracti( 

of tho. enercY~ Generally it is difficult to infer the effect of the 

finito wire length on the opectral density measuremnnts at hiGh frequ( 

," .. .... ' ... ~!"'-

.. '-~ " '. 



cy. 

So~e experimental evidence exists as to the effects of 

finite wire length on measured spectral results, but the data are .som 

contradictory. Portforos (Ref.67) made measurements of the same turbu 

lent field with three \'lire lengths and for tV10 different turbulent 

regimes,. In both cases his results show less effect than that pre

dicted by Uberoi's and Kovazsnay's approach (Ref.G'S). Futhermore, the 

results sho\'i different effects for the same frequency in the two dif-

ferent cases. However, a similar but brier experiment by Teunissen of 
. . . ~ . 

u. T. I.A.S., using the DISA 55AOl hot-wire anemometer 'with two dif-

ferent probe lengths for one turbulent case showed a difference in 

spectral results agreeing well with the results predicted by Daven-
f , • 

port (Ref.69). In both experimental cases, h013ever, the wire parame-
/' 

ters were necessarily.chang~d and hence the basic system responoe to 

coherent gust was altered. This should not be severe at the frequen-

eies of interest. However, it is obvious that clarification of the 

situation is required both by exploring the applicability of Daven-

port's result~ and by hot-wire' measurements which included system 

response'measurements to a coherent input. Because of the weight of 

-:") hot-wire investigations which have previously neglected a lehgth 

correction, and because of the lack of concrete experimental verifi-

cation, the above corrections \'lere not ,made to the data presented 

herei'n. 

• 

" .' 
- ..... 
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Meusurement of thc Frequency - Dependent Correlation. -----------------------------------------------------
. . 

Let e; and e; b~ the voltage signals f~om two parallel 

hot-wircs separated by a distance y in an air stream· where the ve

locity fluctuations are u/ and u;. • If these voltage signals 

are combined by addition and substraction to obtain C e,'-r e;) and 

(:O/-e ' ) 
'-'I :!.. 

and these results are fed into two average-square 

i . ts the results are given by'. (-0,' ~ e':)~ c z:cu~ , \...0 -.- .... and (e,'-e{): 

These processes arc e.ll carried out by feeding the initial signals 

into a DISAcorrelator. 

If these readings are new added and substracted, the. 

re.sult is: 
( I e'J2. eel ·e')Q. ,~ n---;:[ (1) e.,'" 2 . -t- I -!I. =- ~ e, +.<. e~ -- - - - - - -:- - - ., 

Dividing (2) by (1) yields·: 

4 ~ -----------('5) 
:Le,2 or 2<.>'2-

1 ~ 

I ')2. C ' 11>,)2 C e, -+ e '- - e, -. '-:2. = 
(e,'+ e~)l+ (e,'- e~t-

If the turbulence field is uniform and isotropic .tor 

nearly isotropic) so that the average square of the fluctuations is 

the same and if the hot-wires are carefully matched as to the out
~ 

put, 'then eqn. (3) becomes: 

/.' ')'.2.. ·Ce '-e')'--le, +e~ ,:1. •. _ 

C e,'+c.D z + (t?,'- .e{):l.. 
::. e,' ej· 
~ 

The averaging procedures considered in eqn.(4) take 

account of all frequencies. If now the nverogin& procedure is looked 

at . from fr~quency to frcque.ncy the vari:l tion of the lu ternl cor

relation coefficient .'\,,,c.cyt),,c.j wi th frequency could bo [;i ven by: 

'. 



, ~-.;., * 

141-

P Spectrum of sum - Spectrum of difference 

R (.0 't2 .) 0) ( /':: ----" --------------
4~ J Spectrum of sum + Spectrum of difference 

• ...... 

·'.1 -.~. " i --:-:;:'",."°'"'1' ... ,~ , '. 
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lIot--ilire. --------
In measuring the turbulence kinetic energy per unit mass 

at a ~oint (t~eoretically) in a flow stream with a ~ingle hot-wire, 

the wire is rotated about itself as described beloVl, noting its 

o~tput at each position. At each position the wire is calibrated. 

With the hot-wire calibrated so that the true 450 angle relative 

to the flow is known, as shown in i'ig. ~ 15, the following outputs 

are noted: 

·First arrangement. ------------------
\'lire normal to the flow and with the probe axis perpen-

dicular to the x-y plane: 

Output: Ai :::. r;",- ••.••••••..••.•••• ,; . ~ . ; ••. (1) 

At +4.50 from this position: Output A.,.==- "'(z.<.'~ ........... (2) 

At-/~5° from the same position: Output A5 =JCu'-V')2 •••••••••• (3) 

Second arrangement~ .-----------------
Wire normal to the flow and with the probe axis perpen

dicular to the x-y plane: 

Output: A4=-J U,2 .••••••••••••.•••••••••••••••••••••••• (4) 

(T~eoretically the mid-point of the wire -considering thn longi-

tudinal axis of the wire- must be in the same position in space 

as in the first arrangement •. Output· (If) must be the samo an out

put (1) ). In thls case the adjustment achieved was up to :!:. 0.02::::':1. 

At +450 from this position: Output:As=!cJl'''w')t. •· ••••••••••••••• t5) 

---------------------------
!iote:· Clockv:ise rotation is assumed ~ve, anticloclcwise rotation 

io taken an -vc. 

, •• <C •••• " •• ( • 

.. ",j .... 
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At -450 from the same position: Output: A6::' WU-'_WI)~ •••••••• (6) 

Squaring and expanding relations 2 ,3,l~ and 5 Vie get: 

(A~)n.. =. u.,1?l;' V'??:+:llN'f/' .• _________ ------------ (7), 

C A'5)'L =- u}4+ lU'2.+ .2z,l.~1 - -. -- - - - -- ----- - -.- ~-- - CB) 
"( )~ :-;:t', + -:J!'C

v
' <:I.,,',., ___________________ (9) 

.A~ ::::.. 7-<.,; -..to .............. --- . . .' 

%. --r - --;--7' _'" - - - ..... - -(to) . . CAb) =. u'~+ w' :l._..2",c,t.V ~ - - - - - - - - --

Adding relations (7) and (9) as well (8) and (10) respectively Vie 

get: 

Squaring output~ (1) and (4).· . 
('A~) '- == u.'~::. (A4-)~- -- - - -~ - -.- -- - - -- -' -.- - - - - (-!s) 

. :t . 
Substracting 2xA4 from relations ~ll) and ,12) and dividing t~e 

result by 2 we get: 
~ ~ )~ - (-14) CA:t) -r(A;,) - .2CA-I =- 7,/''J. ------------ ---

2-
~ !t - ~ ,.~) 

(A5) -r(AG) -:leAd _ w,'R. ------------- --- \.."-~ 
.2. -

Therefore from (13), (14) and (15} the va,lues of u,:?l :;;r qnd l..u'''' 
-' 

·obtained. 
:; 

The turbulence. kinetic energy per unlt mass is given by: 

( Slot~ed bnffle - 30 x l20'mm2 plate) 

Model free to oscillate 

et.L:-'. ~- -= - 00 
:u:i ='- .t, 6"B ~Y.s t 

i7 .~ -= ()., {C rnYs!l. 

• 

~ ::: -u/n:J n'lr.t ss? 
': ~~.~: .. ; -~-.-.~.~;---: .-~.~~ 

• w.:'" " '-. 
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Hodel held rigidly. 

i)'~ =-. O. -/7- ?7?% It 
' •..... 

l? -1 

• 

c 

.. ' 
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C~lculation of Mechanical Admittance. 
---------~---------------------------

An example of the calculation of the mechanical admittance 

is presented below. 

The calculation of the mechanical admittance for the 

It 30. x 120 " Imn2 ' plate balance assembly was carried out through the 

examination of the free damped oscillations trace shown in Fig. 140 

~rom section 12.2 the square of the mechanical admittance 

is given by: 

From the free damped oscillations tra.ce: 

.L ['17,. ~ =2.30~ J ta x:e. =. 0.04"+-5 
IV XN --",-- a -{o x N 

. where N=number of cycles 

and woL -; fl. 7T ~ :: ./g'5.~,;$ 

Then <fL7T-l ::0.04"1-'5 for '''(<(--1 
vi ~ - 4.2-

i.e. -l:::. 0.00"'1-6 _ damping ratio 

and uJo!.. =- _ ~ _1{:t. i. e. wo :::'.( e b 'Gd.dJs Wo y'I . J 7 ~ 

. By direct measurement ks::: .-{9b5 %. 
Therefore 'h"'t' Ks_ ::: '5. bS x '{O-~Q . Wo~ d 

and 
c:. ~"-wom. ::: O.{5b~ NVYfl. 

Consequent~y the expression for the mechanical admittance is given by: 

." 

.... 
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,stn t1ctic~1 Heliabili "Cy 0 f Fower - Spec trum j,jcCJ.suremcnts. -------_ .. _-----------------------------------------------
A random BiCllal analysis used in the: present \'/01'1: is pre-

~ented in section 703. A more general approacJl is. presented below •. 

Since it is impossible to mcasure,in practice, the infi-

nite time averaGe implied by the UGC of Generalized harmt2nic ana.

lysj.s, determination of. sUfficient ob:::;ervation time' to obtain valu-

cs of power spectral density "/ith a speCified ritatistical reliabi-

lity poses an important problem. In genersl, the obse~vation time 

has to be large compared with any characteristic times of th.e ran-

dom process ... However, sil:ce the~e quantities are themselves, ob jects 

of measurcment,being involved as pari~eters in th.e power spectru~ 

or correlation functions, one has to resort to assumptions regarding 
/ 

the' probabJ.'e- shape' of ,the power spectrum • 
. 

Tukey (Ref .?fO') cOIlsiaered the accuracy of power spectra .' 

computed from a discreet set of sample points of the random function, 

including different spect;um shapes. The pres~ntanalysis deals with 

the reliability of continuous mean-square measurements of the out-

put of a narrow-band-pass filter subjected to the random j.npu!; and 

it is based on the line of thought presented by ~~ce (Ref~5g). 

Davenport f ':ohnson and l·ii.ddleton (Ref .11.) discuss th'e same problem 

employing assumptions, somewhat different from those of the ~resent 
imr estigatiol1. 

lt is assuned that: 

1) the· power spectral density.to be measured is constant 

over the filter range; 

.2) the random pr.oces!:>, on tlw whole, is ..iaussian; 

·3) the band-p.:l.ss fillc"r is npprOXim!1tely Cl ninl;lo tuned 

circuit with respon:::;o Ic.:iio .. uJoJ/~ ~1.(of' -tQ:tcw;':OoJJ 
Gc.,) - circular frequency, rad/ sec '\ 
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c.1J o -. Co e."t"\L~_a . ..f, c:.il(u..t.~ l~tLe.~:> ru:ui.../set:.. 
a( U-'.l (,IJ ()) - f:i.ltcr response curve. . 

" I 
Q' - filtor--ban<1·4\,/idth pnrc:uITctoJ:' iJ'Lfa.{Q~ltJ,,)t'"-:: ----; q "ell) .~UJo)'2.. 

1of"""r ~-'. . ~o 

1;.) the HveraGinG is done by direct inter,r,:'J.tion of the 

sqtw'Y'od siGnal; 

Let f( t:) l'Gl')x'escl1t the fil tor output; then the squaring 

device o.u'cput is: 

5 (1) .. 

where Tc iE.: the 'dme constD.nt of the squaring ~lcvice. The infinite 
_ /4 

time average of S 1.-8 S ~ • . (Ref .50), while measurement over time 

T yield~: .. ~. (h /.' f' 

. ~ ~ .l-j:c.tJoU" 1/ f {' ( e -;,vl '(t}0L6'Jofi 
r 0 0 G )-00 . 

Tt is' desired to determine tho variance of -s 
quantity ~ .' Cs. -S)!(. 

0- - --- S -

-;::::;-i 
~.-=S~_ -.f 

-:t, 
S 

that is, the 

where ("fi is the normalized correlation function of sC t). The pro-
70Ss 

duct 's-r ("~ C~) can be derived from the filter response; by l"ouricr 
7J$ 

transfor!l1 one' finds that the normalized correla.tion function of the 

filter output is: -Wo!roe/ 
('tJ C 'CJ::: e ~Q - c.oS Wo re 
'l'/' .' 

The resulting mathematical expressions become rather 
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lenghtly; 110\,/OV81")) a conveniont shlplj. ficatton can be made by as-
~ Z 

13\uaj.ng that Q -:» 1 and 0Vc?~»>{whi.ch is true in mall;)" p:r8.cticD.l 

C[U'::CD. By carryinG o\tt tIle detailed computation and successi vc 

sul)Gti tutionGone finally obtains ~ denotinG LU~.!=. e 
Q 

cl u.J~Tc... ) 
8.n ---- r 

Q 
. - elf ~e. j 1/';0 

cs- =::. ..,{ { ·?.·r C 1 - J''''- J'c - e.._' ... _ .. _ 
. e I-r·t 

dimenGionlec8 device time const. f e - d:imensionless infcr;ration time. 
The values .of Qr TOt and Wo will depend on the invcsti-

. . 

Gatiol1 and consc~quently the value of t c0111tc be defined" 

For Q == 80, 'J~c:;:: 5 socs and 3< ~ <150 for which apl)J~o:" 

ximately 1<r<50 the cu'rV8s Qf'6"""'e arc plotted for y::i 1, 10, and 

50 in Fig. 31, of Vol •. I. 
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.I 
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