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A system for remote measurements of air-sea fluxes
of momentum, heat and moisture during moderate

to strong wi nds

I. INTRODUCTION

This report is a description of an internally recording system for
obtaining estimates of the fluxes of momentum , sensible heat and moisture
by the Reynolds flux and dissipation methods. While these techniques are
not new an automatic system using them is novel and so is the way the Gil l

anemometers are used . Some of the techniques should also be usefu l for
acquisition and recording of other kind s of geophysica l data . Before
describing the system, a brief review of the reasons why such a system

is required and of the existing information on which the design is based

is ciiven .

Over the past ten years or so there have been many reports of measurements

of the momentum f lux , some of sensible heat flux and a few of moisture
flux . While there is considerable scatter in each data set for a variety

of poss ib le reasons , a reasonably consistent picture for the momentum
flux seems to have emerged (tlidey , 1972; Phillips , 1972; Pond , 1975;

Stewar t, 1974) over the range of wind speeds for which good measurements
have been obtained (up to about 15 m/s). It appears that this flux can
be parameterized in terms of the wind speed squared with a non-dime nsional
coefficient - the drag coefficient , CD. For the other fluxes there are
not so many observations but it appears that similar parameterizations may
be poss ib le for them as well ( Pond , et al., 1974). Even for the momentum
flux there are insufficien t data to try to pick out particular sources of
variation within the real statistical scatter such as those caused by

stability , stage of development of the wave field , presence of a frontal

system, and lack of complete stationarity. There are also two schools of
thought on whether or not the drag coefficient depends on wind speed .
Phillips (1972) and Stewart (1974) suggest that , in view of the scatter , a

constant value is reasonabl e over the existi ng range of measurements while

Smith and Banke (1975) and Garrett (1977) among others suggest some
Increase wi th wi nd speed. Because of the small amount of data , such an
increase could be found in some sets of data or could be missed in other

sets due to other factors. For example , Denman and Miyake (1973) suggest
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that during conditions of increasing wind velocity the drag coefficient
is higher because the wave field is not in equilibr i um with the wi nd . In
decreasing wi nds one might expect the opposite effect. In any case, the
trend is small enough that it probably would have little effect on computed
average stress values , provided that winds over 15 rn/s do not make important
contributions , although calculations of the curl of the stress might be
affected by the difference. If the present data gave results to 20 rn/s it
woul d be possible to make more definite statements. For the stress vector
averaged over a month or so there are few , if any, p laces on the worl d ocean
where winds greater than 20 rn/s make important contributions because they
occur too infrequently.

Clearly there are a number of reasons why one would like to collect more
data to ca lcul ate values of CD. In addition , if one is interested in
following the time history of the stress and its effects, then it becomes
very important to extend the measurements to the higher wind speed range .
Such measurements should settle the controversy over the trend and give
a much better measure of it. More measurements of the fluxes of sensible
heat and moisture and of their pararneterization coefficients are needed at
all wind speeds, particularly high ones.

Such measurements have not been obtained so far because of the experimental
difficulties . However , it should be possible , because of the development
of techniques for obtaining the necessary data , because of the knowl edge
of the nature of quantities now gained , and because of develo pments in
modern elec tron i cs , to design a system which will allow measurements at
higher speeds. One of the serious difficulties is to find a suitable plat-
form from which such measurements can be made under open sea conditions .
For the ‘best’ technique (the Reynolds flux method ) a stable platform is

required . In addition , one would like to develop methods which would work
on more readily available pl atforms such as weatherships and other ships
of opportunity (e.g. the dissipation method , provided comparison with the
Reynolds flux method shows that it is satisfactory). Interna l recording

would seem to be des i rable because any suitabl e stab le pla tforms would
probably be unmanned (for reasons of safety, among others) and because
for a ship of opportunity program it is much more efficient not to have 

-,- - .~~~~~~~~~~~~~-~~~~~ - -- - - .  —
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to send a team of observers. Some compromises would have to be made with

this choice . Telemetry Is an alternative , but would probably not be suitable
for a ship of opportuni ty program , Increases the power requ i rements sub-
stantially, is more compl i cated and has range limi tations .

Finally, it is worth noting that to be useful for other purposes , such as
calculating fluxes over the world ocean or parts thereof for modeling and
predicting the behaviour of the ocean and atmosphere , more or l ess d i rec t
flux observations must be used to obtain parameterlzatlons that estimate the

fluxes from more easily measured and readily available variables. !iore or
less direct flux observations are simply too difficult and too costly to

be made over wi de areas on a routine basis. Generally, the direct measure-
ments have been used to examine and evaluate coefficients , such as C,.~. in

the bulk aerodynamic parameter izat lon (given in the next section). Even
the data required to estimate fluxes using this parameterization are not
as available as one woul d like. Thus another part of air-sea interaction
research to be pursued is a search for parameteri~atlons in terms of readily

available data , e.g. wind roses and long-term average sea surface and air
temperatures and humidities for long-term averaqe fluxes or surface pressure
maps and temperature and humidity values to look at time dependent processes
(F i sse l , Miyake and Pond , 1977)

II. THEORY AND EXISTING RESULTS

Only an out line wi l l  be given here as i’iore detailed treatments are avai lable
in many sources (e.g. Roll , 1965; Lumley and Panotskv , 1964; Month and
Yag lom , 1965 , 1967; Kraus , 197~ ; Burling and Stewart , 1967; Busch and
Panofsk.y, 1968; Miyake, Stewart and Bur ling , 1970; Pond , 1975; Busch , 1977).

a) Reynolds flux method -

This Is the most direc t method of esti mating the fluxes and , with the
development of techniques to make the necessar y measurements , is generally
taken to be the standard to which other techniques tire compared directly ,
or indirectly through comparison of parameter i zation coefficients. It
depends on measuring the covar lance between w , the vertical component
of the velocity , and U, T and q, the downstream veloc ity component ,
temperature and absolute humidity , respectively. Since the average of
w(~ ) must be zero (Burling and Stewart , 1967) , the total va lues (U ,T ,q)

_ _ _ _ _ _ _ _ _ _  - --~~~~~~~~~~~~~~
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or the fluctuations (u = u-t i , 1’ ~-T-1 ’ , q ’ = q -~~) may be used . Thus we
have:

Stress magnitude , t = -p ti~~ -p ~~ and acts In the direction
of the wind

Sensibl e heat flux , = ~~ ~~T = 
~Cp 7t’

Moisture flux , E a wq = wq ’ (latent heat flux , HL)/L

where p is the air density (whose fluctuations are small enough to he
neglected in the calculations) , C~ Is the specific heat of air at constant
pressure, and L is the latent heat. In practice , one mus t ma ke sure tha t
w does not have a mean or large trends introduced spuriously by the instru-
ments. Generally, one should use the variations about the mean of the record
used . Whether to detrend or not is not clear-cut. Personally, unless we

• suspect considerable instrument drift , we prefer not to detrend . Other
• groups always do. Either method may introduce so me unmeasurable but

hopefully small errors in the results.

It is useful to examine the cospectra of these quantities to ensure that
all contributions are being included . Contributions occur over the normal-
ized frequency range , 0.001 n 10, where n • fZ/U, f is the frequency
(in Hz), Z is the observation height (in m) and U is the magnitude of the
mean velocity (in m/sec). Thus one shoul-J work with a record l ength
I 1000Z/LJ. In practice , a few suc h rcc ord s should he averaged together
to (let reasonable statistical stability of the low frequency estimates .
E.g., for Z/ff - 1, four 15-minute records or an hour of data should he
adequate . Because of the l arge frequency ranae it is usual to plot log f
or log n. To obtain a plot whose integral is proport i onal to the covariance
and such that the relative contributions from different frequency bands
are clearly shown , one then plots frequency times cospectrun , C0, since then
2.3f C d(log f) a c df , and the 5” ~ covariance. In the follow i ng ,

0 0
when we refer to spectra and cospectra we shall mean frequency x these
variables unless otherwi se noted . These cospectr~ normalized accord i ng to
the Monln-Oboukhov similarity theory and plotted against log n should be
functions of stability . However , for the stabilities usuall y encountered
at sea and wi thin the natural scatter , stability effects c~n probably be
ignored . The peaks of the cospectra occur for 0.01 n ~

.. 0.1 in most cases
although sometimes the peak of the wT cospectrum occurs at values of ii

_ _ _ _ _ __ _ _ _ _ _ __ _ _ _ _ _ _  _ _  —
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up to about 0.5. The contr ibution to the cospectra f rom n - . 1 is only a
few percent of the total except for these unusual cases of the wT cospectruni
where the contri bution may be up to ~~ of the total. It is now thought that
these cases of wi cospectra with l arge contributions at larger n are
spurious results caused by moisture films on the tempera ture sensors which
introduce l arge errors when the latent heat flux is large compared to the
sensible heat flux (Friehe , et al. , 1976).

Measurements of this type are made some distance a bove the surface hut it
is not difficult to show that the fluxes are nearly constant for the first
few tens of metres (Lumley and Panofsky , 1964). The thickness of this
‘ constant fl ux ’ l ayer generally should increase with the wind speed .
Assuming that the normalized cospectra wi l l  not he grossly different at
high wind speed s , this information a l lows one to work out a su itable
sampling scheme in terms of rate and record length.

Whi le it is perhaps the best method , the Reynolds flux technique does have
some limitations. In order to obtain the cospect ra to ensure that the co-
variances are correct one must sample at a fairly fast rate for a fairly
long time , so a rather large amount of data must be recorded to get a single
Reynolds flux estimate . The method requires a known , preferably fixed ,
instrument orientation . In principle, it is possible to use a platform
suc h as a surface ship, measure the motion and make corrections point by
point. Suc h an approach makcs the nt-’asu rement program much more compl i —
cated and thus makes it even morc d i f f icu l t  to obta in measurements one can
he confident in. As the problem at high speed s is difficult enough on a
stable platfo rm it seems best to use such a platform. at least initially.
One might also look for and test other m ethods at the same time which
could he used on mobile platforms and have reduced recording requirements.

b) Bulk aerodynamic pa~amete~i_ ations
In this method one assumes that the fluxes may be paranieterized in the

fol lowi ng way:

.
— 

-~-.-- ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -  
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I Z I = 0C 0 132

H
~ 

= PC P CT tFAT

HL = Cq ti~Aq~~L

where ti is the magnitude of the vector mean wind , ~T = sea surface - air
temperature, and ~q = sea surface-air humidity and U’, air temperature and
humidity are measured at or reduced to some reference height , comonly 10 m;
C0, C1 and Cq are non-dimensional coefficients. C0 i s  ca l l ed  the drag co-
efficient; C1 and Cq are sometimes referred to as the Stanton and Dal ton

numbers, respectively. U, ~T and ~q should be averages over times of
order an hour. Generall y, sea surface temperatures (and hence humidity at
the surface) are based on occasional spot readings , usually ‘bucket’ samples .
Spot readings or fai rl y short averages (the usua l ship observations) may be
used with some additiona l statistical scatter since the means of ti, ~T and
.~q are generall y much l arger than the root mean square (rms) fluctuations.
To calculate the parameter i zation coefficients , i~, the magnitude of
vector mean wind , or the mean speed over the record length of about an
hour , is used depending on the data set. Normally, for per i ods of an
hour or so the mean speed is less than 1% hi gher than the magnitude of
the vector mean (see Appendix) and the differences can be ignored . One
can examine C0, C1, and Cq to see whether they are reasonably constant or
have measurable dependence on wi nd speed , stability , wave development , etc.
One can also use these formulae to estimate the ratios of scaling ampl i tudes
to mean values . For this purpose , to set desion criteria without making
any claim to exactness , we take CD “~ C1 ‘~ Cq 

‘
~~ (1/25)~ 1.6x iO~~. We put

c0
U2 = u~

2

C1fl~\T = K U * T*
Cq UAq = u~ q~

u~ 
= 

~~~~~~~~~~~ 
is called the friction veloc i ty and is the velocity scale of the

Monin-Oboukhov similarity theory. is von Karman ’s constant (=0.4) and is
included here in the definition of the scaling parameters T~ and q~ as is
usually (but not always) done. Then

u~ 1/25 U~, T~ ~ 1/ 10 \T and q
~ ~ 1/10 .\q .

- ‘ - - -~~~~~~~.- --__—~~~~~~~~~~~ - — --—--..—.— -- , 
- — -- ‘ ~~~~~~
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• c) Statistical quantities
Here we want to relate amplitudes of the fluctuations to the scales

• u~, T~ and q~ and hence to the mean val ues, ti, ~T and ~q. Again , we
present va l ues that do not necessarily provide the final answer but are
useful for design , e.g. for picking amplifier gains . We tend to pick
numbers near the high end of existi ng data to avoid overload probl ems .
We look at rms values o~ = 

(
~~~~~
)
½ where ~ may be u , w, 1’ or q ’.

“~ 1.2- 1.5 so we take =0.06 13, perhaps a slightly high estimate.
‘
~~ 2.5 so we use o

~
=O .l U. ci.~/u~ va lues show considerable scatter

which is associated with the fact that low frequencies domi nate the contri-
butions to~iT. Thus, the record length and detrending can change this
value considerably. These values should be representative if the low
cut off normalized frequency n ‘~~ 0.001 to 0.002 . The correl ation
between u and w , _ U

~/~uOw for = 0.06 ti, ci.L~ 
0.1 U, and u~ 1/ 25 ti

is -0.27 which is close to observed values. Afl these ratios may have some - 
-

dependence on stability but it is too small to be well established experi-
mentally and can be ignored for design purposes over the expected range.

and aq/~* seem to have stronger stability dependence although it ~
not wel l established either. °T/T* “ Oq/(l* “ ½ to 1 so we take a1 ‘~-‘ 1/10 AT
and °q “. 1/ 10 ~q which we expect to be reasonable upper limits .

Clearly, since none of these numbers are very exact some leeway must be
allowed in our design. In addition , if CD does increase with wind speed
some other things must increase too. Over land C0’s are usually consider-
ably larger and fairly i ndependent of U provided the geometry of the surface
is i ndependen t of ti, but a

~
/u
~ 

and o
~
/u* and the ~~~~ corre lati on rema in about

the same. If C0 is higher over water at higher wi nd speeds, it may be simply

because of a hi gher apparent surface roughness with all the properties
scaled according to the Monin-Oboukhov theory remaining the same as they - -

do for existing measurements over both land and water. One must allow
for such a possibility and higher values of and Ow/U in any design.

d) The dissipation method
This method of estimating the fl uxes does not requ i re the vertical

component of the velocity, w, and is thus more suited for use on a ship
or mobile platform than is the edciy flux method . It is based on the idea
that the production of turbulent fl uctuations in the velocity or scalar
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fields is balanced locall y by molecul ar dissi p ation . In unstable conditions

this balance in the kinetic energy equation includes a buoyant production

term. This unstable case and possible approaches by which one may he able

to allow for it are discussed by Pond et al. (1971) or Busch (1977).

Here , for brev i ty , we shall discuss the neutra l case only. Over the ocean

at modera te to strono winds the stability is almost always near neutral.

Exceptions may occur over reg ions suc h as the Gulf Stream or Kuroshio with

cold air outbreaks from the continents. There are other terms in the energy

equations but the available data show that producti ’ - dissipation for

near neutral to moderatel y unstable cases . tie expec t this balance to

continue to hold at high wind speeds (because according to the Month-

Oboukhov similar i ty theory , which rationalizes existing data over both
sea and l and , such relations are not wind speed dependent) but an essent ial
part of our measurement program is to verify this expectation. If we find

the balance does not hold , then we shall attempt to find an empirical

correction which allows us to estima te the fluxes. (Our preliminary analysis

of some of our data shows that C0 obtained from the diss ipat ion method is
statistically sinm ilar to C0 obtained by the Reynolds flu\ method.) For
nea r neutra l stability and stationary and hor izontally homogeneous flow .
the balance is:

—~ dU= =

production —. d i s s ipati on
= -w~’~~- = =

where ~ and , ‘ are used to represen t the ‘mean and fluctu ati ncm part ,

respectively, of any scalar field.

The mean gradients are given by the Monin-Ohoukhov s i m i lar i ty  theory

u~

Thus . -u a u~ 
(~~ZY ’3

= ~~~~ 
a 

(~~~fl~~

- - - -— - - -— —-—
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The sign of ~~~~
‘ is given by the sign of the air-sea surface difference in

y. These equations allow estimates of the fluxes to hp made from measure-
ments of ~. and Ny.

Assuming that Kolmogoroff theory is app licable , the one dimensional spectra
of downstream velocity (&

~~~) 
and scalar fluctuations (~~

) for values of ki
the downstream component of the radian wave number , in the inertial subrange
are given by:

= K’ 2/ 3 k 513

= B ‘ N — 1 /3 k 513

K’ and B ’  are Kolmogoroff constants (0.55 and 0.8, Paquin and Pond , 1971),
and the observed frequency f and mean wind U give k using Taylor ’s
hypothesis (k = 2nf/tfl .

The dissipation of mechanical energy, ~ , is thus obtained solely from
measurements of the downstream velocity component , U, provided that fre-
quencies extending into the -5 /3 range of 

~ 
are observed . In practice ,

this measuremen t is not too difficult , as a normalized frequency of n -‘ 0.2
should be adequate . The -5 /3 range , if isotropy is really required , should

not start until n 1, but empirically it extends back to n ~ - 0.2 or even
0.1 for the downstream velocity and for temperature and humidity , which is
fortunate because relatively simple robust sensors which respond fully past
n = 1 are not available. Considerable platform motion is acceptable.

[Supposed the measured component is U cos~ +w s i n  ~ + 
~~~~

‘ where UR is the add i-
tional velocity caused by the fluctuat ing platform motion and ~ is the tilt into

the wind (see Appendix). Prov i ded we make our measurements outside the fre-
quency range of the platform motion , UR can be ignored . Then the measured
spectrum is 

~u cos~~ + 

~‘uw s i n 2 ~ + 
~~~~ 

sin~ , assuming ~ is not correlated with

u and w which is reasonable. Mow Ls l should be fairly small so we get approximately ‘ -

‘~u (1 -~~
) + 2 uw +

~~
$w • W i t h  ~I 50 and = 100 , a fairly extreme case ,

• O.1,~~ < 0.05. Further , 
~u and ‘ ‘ uw~ 

‘

~~
‘
~~~ 

, so there may be a
ra ndom error of up to 10% in this extreme case . Al most all of this error is
associated with T which one would hope would not be as large as 50 in ‘4~e.
I ~~~~~ depend s quite strongly on n; for n -

~ 0.3 where one would try to work
t h i s  ra t i o  < ¼ and the error < 5~ .l Ileasurenient of a scalar variable in the

- -~~~~~~~~~~ - — .- -- -~ 
— - —  ----.--~~ 

- -
~
=--

~
--

~~~~~~~
—-
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-5/3 range of its spectrum , 4~
, gives the dissipation of scalar fluctua-

tions Ny. In prin ciple , only a single discrete va lue from each of the
spectra, averaged over a few minutes , Is required . The recording require-
ments are greatly reduced compared to the Reynolds flux method . Time
histories of the fluxes may be compiled . In practice , we use three fre-
quency bands for each variable as will be discussed later .

The dissipation method has been shown to give values of the momentum flux
comparable to those of the eddy flux method in several studies (e.g. Pond
et a l., 1971; Smith and Banke , 1975) , mainly in light to moderate winds.
Only a few com par i sons of mo i sture and sens ibl e hea t fluxes from bo th
Reynolds flux and dissipation methods have been made but the method
appears feasible (Pond et al., 1971, 1974) .

III . SENSO RS

For work at moderate to high wind speed s (5 ms ’ or 10 knots to hopefully
30 - 40 ms~ or 60 - 80 knots ) sensors must be chosen which are reasonably robust.
For operation on a remote tower, powe-r is likely to be limiting so a low power
drain is advantageous. For both tower operations and ship of opportunity
operations-reliable operation without servicing for extended periods is
essential. It is also vita l to be able to tel l whether the data which
are obtained are reliable. Thus it is useful to measure the same variable
i n  more than one way. Because under high wind conditions damage to the
sensors is inevitable , it is helpfu l to use conriercially available components ,

preferably of moderate cost .

Some compromises may have to be made in attempting to satisfy all these
requ iremen ts , particularly those of calibration stability and robustness ,
while still having sufficient sensitivity to measure the higher frequency
contribution s to the Reynolds fluxes. Working at high wind speeds has the
advantage of improving the response if it is convection limited , e.g.
temperature and some humidity sensors . Non-linea r response of mechanical
wind measuring equipment which occurs under light winds may also be ignored .
A l so , the nearly constant flux layer is thicker so one can work at greater
heights. The sensors must be put fairly high to avoid waves and heavy
spray and distortion of the air flow by the platform (e.g. a ship) in any

case.

_______
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Ideally, one would l ike response to a normalized frequency n = fZ/tJ of 10
but 3 is adequate. Response 3 db down at n 1 requires fairly small
correc ti ons (.. 20%) and can be tolerated if the response is reasonably
wel l known. The heights we have used are about 13 to 20 m for open ocean
data with some intercomparison data taken at about 10 m. To get an Indi-
cation of the response required , take Z/iJ~-~ 1/2 S. then n 3 at f = 6 Hz.

If the response occurs as a distance constant limitation as in a mechanical
wind sensor, then the 3 db down frequency w i l l  be 1P(2~D) where D is the
distance constant. To get n = 3 requires 0 = Z/ 6~ or about 1/2 m for
Z =  lO m and l m f o r Z =  20 m.

a) Temperature
To measure air temperature and its fluctuations we use glass-coated

microbead thermistors (Victory Engineering Corp.). Their response is 3 db
down at  a few Hz at moderate wind speed s and improves with wi nd speed to
about 30 Hz at 70 ms 1 (Mlyake et al. , 1970) and should be sufficient.

(Better response can be achieved wi th resistance wire sensors but they
are not as strong, requ i re much greater amp llf ication,which is more likely
to cause problems and are likely to be more subjec t to corrosion). The
microbead is operated in a bridge circuit w~th a micropowe r operational
amplifier as detector. By suitable choice of a resistor in series with the
thermistor , the non-linearity of the bridge and thermistor can be balanced
so that the output is linear within measuremen t error over a range of about
25 C°. The current through the bead is kept small enough that velocity
sensitivity , because of variation in self-heating with flow speed , is

negligible above 1 - 2  ms 1 .

A glass rod thermistor potted in soft epoxy is used to measure sea temper-
ature a few metres below the surface when working on a tower. During our
first major field operation which was on the beach at Sable Island , Nova

Scotia , the sea temperature thermistor was put next to the microhead .
Comparison of the two temperature signals indicated erroneous temperatures
from the microbead after severa l days . We believe that the differences
were caused by a saline moisture film across the head and Its leads. To
avoid this problem and corrosion which eventually causes failure , we now
Insulate the leads right up to the glass coating using thinned-down
transformer varnish (glyptol). The coating near the head is done with
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a single hair brush under a microscope and tests have shown that complete
insulation is achieved . We also added a sealed gl ass rod thermistor next
to the microbead to provide a continuous check on it. With the coating the
microbeads seem to be very reliable until they get broken , which happens
very occasionally in spite of the protective cover we put them in. In our
present field work on board the CCGS Quadra, one of the two ocean weat her
s ta ti on PAPA sh i ps , we have two mi crobeacis to help ensure getting temperature
fluctuation data.

The accuracy of our temperature measurements is about ± 0.2 C0 ; di f ferences
between sensors are accurate to ± 0.1 C° or better. The gains of the bridge
amplifier were selected to give a full-scale range of 20- 25 C° for the ± 5v
input range of the recording system. The midpoint of the range is adjustabl e
wi th a variable resistor in the other arm of the bridge. The recording
system has 12-bit resolution so for temperature our resolution is ± 0.006 C°.

The amplifiers were also designed ~o act as singl e-pole low-pass filters

3 db down at about 15 Hz, to reduce noise outside the frequency range of
interest.

b) Humidity
In spite of trying several possibilities we have not found a humidity

sensor wi th adequate frequency response which is suitable for unattended
operation for reasonable periods of time . We initially rejected the
ci-Lyma n humidlometer (Electromagnetic Research Corporation) because of
relatively high power requirements (the latest model is much better in
thisrespect~, limited source tube life , and calibration drift due to

window contamination and source tube aging. The a-Lyman humidion ieter

does have good frequency response (much better than any other humidity
sensor we know of). It is limited by the path length between the tubes
(about 1 cm) or more likely by the flushing of the protective cover one
puts over It. Based on a local field test over land at moderate wind
speed and compari son with the a-Lyman humidlometer , we found two other

humidity sensors to try which appeared to have just adequate frequency

res ponse - an alum inum oxid e sensor (Paname tr ic s , Inc.) and a Brady array
(Thunder Scientific Corp.). Both have low power requirements - a few mA.
In local field trials of our system it st ill appeared that they would be

possible to use, but on Sable Island where there is more salt in the air

~~~~~~~~~~~~ — ,- _____________---
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because of a much higher (and more oceanic) surface salinity we found the
A102 sensor to have rapid calibration drift and a limited lifetime . Un-
fortunately it is not suitabl e for use in a marine environment. The Brady
array showed drift too, but it was not as severe. A second Brady array
with a protective filter was added to replace the Al02 sensor in an attempt
to provide a low-frequency calibration of the unfi ltered Brady array. The

calibration drift of the filtered array is much reduced but the analysis
of the Sable Island data shows that the response of the unfiltered array
is much poorer than we hoped. The poor response may be a salt contamination
problem too . In any case , it appears that the Brady array is not suitable
for measuring humidi ty fluctuations over the required range in an oceanic

- i environment.

For our measurements on the CCGS Quadra (which occupies weather station
PAPA half the time) we obtained a dew point system (Cambridge Systems
Model 2000) to provide a low-frequency calibration of an a-Lyman humidiom -
eter. It also provides another air temperature to check our other measure-
ments. It seems to work for a month or so before salt contami nation makes
cleaning of the dew point mirror Ilecessary . Unfortunately, serious con-
tamination of the a-Lyman wi ndows is quite rapid , wi thin a very few days
at best. We plan to use the dew point system and a-Lyman humidiometer
during JASIN (Joint Air-Sea Interaction Experiment) in the North Atlantic
i n 1978 when we shall be on board and can do the necessar y serv ic ing in
another attempt to measure and paranieterize the moisture flux.

c) Velocity
There are a l arge variety of sensors to consider for this measurement.

However , the conditions of being able to operate in rain , spra y and per haps
snow or ha i l , and having good calibration stability , eliminate most of the
possible sensors. We choose to base our velocity system on the GILL

propeller-vane system (R.M. Young Co.) based on the experience of others
in our Institute (e.g. Denman and Miyake, 1973) among many others. It is
a mechanica l system which has good calibration stability not only wi th a

particular propeller but also from propeller to propeller , since the
geometry is accurately maintained (even rather severe ablation of the
propellers by rain , spray and hail does not affect the calibration 

-~~~~~~~~~~ •
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measura bly ) , which Is simple and easy to service , which has very low power

requirements (for the preamplifiers to give the tacogenerators the desired
output range and to supply vol tage to the direction potentiometer), and
which works rel i ably for fairly long periods for moderate to strong winds.
(For light wi nds the friction limits of a mechanical system become important
but they are not of concern to us.) Furthermore , the sensitivity of the
system is qu i te good . Quoted values of the distance constant are about a
metre which is adequate if the observation height is large enough and if
corrections are made when necessary. (A method of evaluating the response
will be discussed in the next sub-section.)

These sensors have been used in a variety of ways. One is to use three
propellers with their axes at right angles to give three components . Another
is to use a propeller vane for the horizontal components and a propeller with
a vertica l axis for the vertical component. The problem with this second
system is that the vertical component measurement is affected by non-linear
response associated wi th friction and the driving of the tacogenerator for
ver ti ca l componen ts near zero . These pro bl ems occur for a ve l oc ity
component less than about ± 1 ms ’, although some correction can be made
by adjusting the calibration coefficient.

To avoid this probl em we mod i fied the propeller -vane system by extending the
vertica l supporting shaft and adding a second propeller with an axis about
30° from the vertical. We have made this modification to some of the
factory systems; we have also had the factory make a l ong vertical shaft
system for us and added the attachment for the second propeller. The
standard system of slip rings is already adequate with four slip rings with
dual contacts (presumably for compatibility with a propeller bivane system,
also manu factured ) ; these are use d i n pa i rs for the two pro pel lers. By
using a 30° axis propeller we introduce some of the horizonta l component
(approximately ½) into this measurement. Thus this propeller always turns
fairly rapidly, eliminating the region of stall and non-linear response
for wind speeds l arger than 4 - 5 ms~~.

A photograph of the twin propeller-vane system is shown in Figure 1. The
protective cover and radiation shield for the temperature (and Al02 or

• _
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Fig. 1. a) Gil 1 twin propeller -vane anemometer (propeller diameter 0.19 m).
b) Enclosure for temperature and humidity (‘~lO , and Brady ) sensors.
c) Cross-section of f1o~ path throuqh the enclosure.

.
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Brady humidity sensors when they were used) is also shown in Figure 1.
The cylinder on top houses the temperature bridges and humidity preamplifier
circuits . The anemometer preampl i fier circuits are inside the housing at
bottom of the anemometer. The preamplifiers have full-scale ranges (± 5v)
of ± 1800 for direction, of 50 ms ’ for the hor izon tal ax i s pro peller and
35 ms~ for the tilted propeller; they also act as single-pole filters 3 db - 

-

down at 15 Hz to reduce high frequency noise . The resolution is 1/4096 of
these values or 0.09 °, 0.012 ms-1 and 0.009 ns~~, respectively.

These propellers do not follo w a cos ine law exac tly, but compensa tion for
the non-cosine behaviour can and must be made. - A detailed discussion is
given in the Appendix along with a detailed error analysis. Correction
for the non-cosine response is necessary at both first (important) and
second order (probably not essential - see Appendix). The propeller with
its axis nearly horizontal seems to fol low cosine response from existing
measurements for tS J < 5_ 100 and measures

= Q cos 6 +ws in 6

where cS is the small tilt angle when the instrument is not level , wi th 6
taken positive for a tilt down into the wi nd (see Fig. A.1) and Q is the
horizontal wind component (U2 +v 2)½. The propeller with its axis at 60°

nom i nal from the ax i s of the v 1 prop el ler measures
= [Qcos (a+6) + wsin (a+6)][1-O.328(6-tan~~(w /Q )) ]

where a is the angle between the propeller axes. The correction factor
1 - O.328(o - tan ’(w/Q)) comes from the non-cosine response. There is some
uncertainty in the 0.328 coefficient (the value for a = 600) and its varia-
tion w ith measured values of a should be and is ta ken into accoun t. The
deviation from cosine response for the measured a (here taken to be 60°) • 

-

and 6=0 and w=O is included in the calibration for v2 (see Appendix): -

The method of ana lys i s i s to mea sure 
~ 

and v 2 (— indicates averages over
about 1 hour ) and to take v 2 - (V2/~i1 )v 1 = -c aw 2 + bw and solve the

quadratic for w. The effect of the aw 2 term is small and nearly negli-
gible as shown in the Appendix but is retained . The various errors in
calculat ing w , Q (and hence U = (Q2 - v2)½) are discussed in the Appendix.

It is important to remember that any errors in w and 6 calculated from

~~~ will propagate Into the calculated q and hence u. A summary of

L 2 1
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the possible errors based on the analysis in the Appendix is gi ven in Tabl e 1.
Careful measurement of a is clearly essential. Good D.C. stability of the
amplifiers and offsets (applied to make the outputs = -5v for no wi nd) are

also important and we have been very careful about these points using the
best low temperature coefficient zener diodes for reference voltages . The
presence of some Q in the tilted propeller also hel ps to provide a check
of proper operation since low pass filtered v 1 and v2 signals should and do
look essentially the same. There is no double check on the wi nd direction
but it is not essential to measure the Reynolds stress (see Appendix) except
to indi cate when we are in the wake of some part of the platform , but such
effects are also ev ident from the v 1 and v2 measuremen ts. In any case we
have only had to replace one direction potentiometer when a check in the —

laboratory showed it was not working well over its full range .

d ) System interconnec ti ons
This problem is often not discussed but in fact is not trivial . The

use of so-called weather-proof connectors can l ead to grief - often con- •
s idera b le. In our system we use underw ater connec tors (Mecca conn ectors
made by Teledyne Corp.) which are of reasonable cost; other similar
connec tors are also av ail able . In our ex per ienc e, such connectors are
essential since the recording package part of the system goes underwater
at times (during our work on Sable Isl and and on the Bedford Institute
stable tower). Thus, we recommend the use of underwater connectors in all
parts of the system exposed to the marine environment.

e) Sensor response
To get the spectral l evel measurements to make dissipation estimates

requires a measurement in the -5/3 range. Because of the response limits
of the sensors we must work at the l ow-frequency end of the range to avoid
having to make large corrections for the response limits . We chose to use
three frequency bands centered at 0.4, 0.8 an d 1 .6 Hz as a com prom i se.
Having three bands allows a check on the -5/3 slope wi th the observations;
it also a llows a ban d to be drop ped if its n value becomes too smal l
(e.g. the 0.4 Hz band when Z/tT < ½ s) or when the response correction
becomes rather large (e.g. the 1.6 Hz band for a 0 of 1 m and wi nds

less than 10 ms ’). 

- - -~~~~~ ~~~ - -•~~~-•.- —=- -
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Table 1. Sun~nary of poss ib le errors

Cause Effect on Effect on CD Coninents

~ error of ± 
10 ± 5 % ± 5 S We believe a error Is

actually within ~ 

0

and effect + 2 - 3 5.

•1 Offset error ± 2 5 at 5 ms-1 ± 3%at 5 ms 1 Actually, offset errors
± 1 5 at 10 ms- ’ ± 2%at 10 ms~ partly cancel rather

than add and are about

~2 these values .*

Calibration ± 4 5 + 1%
error of ± 2% $

Errors in ~i ’(o) ~ 3 5 - t
- 3 5

Fluctuations Negligibl e Negligible
i n 6

Non-cosine ~ I S for 6 = 0 ± I S for a = 0 For j o J  < 2~~30

res ponse o f v 1 ± 10 5 for 6 = ± 10 ~ 10 5 for 6 = ± 10 similar to 6 = 0.

propeller For 1 6 1  = 5 probably

w i t h i n  ± 5 5.

If everything goes wrong including all the data having 6 equal either
+ or - 5° , 

~~~ 
may be in error by about ± 18% and CD by ± 16% but wi th

~c varying and some errors perhaps tending to cancel rather than add , we
may rrnpe to get average CD’S wi thin ± 10% which  is fairly comparable to
any other system. For dissipation estimates only calibration and offset
instrument errors are important. For a +2~ c a l i b r a t i o n  error u is in

error by 2.7% and CD by -1.3%. At 5 ms_ i the offset error leads to a 0.3%
error i n u~ and a 1.3% error in C0. Most of the uncertainty in this method
comes from uncertainties in the va lues of ~~~, K’ and Z and the assumptions
made to use it.

• *Note that the quoted values requ i re d.c. stability of 1/2000 of full scale
(50 ms _ i in our case) for 2-3% error at 1/10 of full scale (5 ms 1 in our

case).
I

~
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If we assume that the sensors behave as simple RC filters , then the snectra l
values from two different bands In the -5/3 range can be used to determine
their response characteristics in turbulence. We can find the value of 3 db
down frequency, fo, that gives the same va l ue of ~

- or N~ from the two bands ,

over a range of wind speeds. If the response can be represented by a distance

constant (0 2n foD), then a plot of 0 vs. the required 2ii fo should be a
stra i ght line through the origin. Figure 2 shows such a plot based on hourly

averages of the 0.8 Hz and 1.6 Hz filter data from one of the Gill v i pro-

pellers on the Bedford Institute stable platform . Much of the scatter is
probabl y due to statistical variations from the -5/3 slope . This scatter
increases at higher values of 0 because the corrections become relatively
insensitive to fo when fo is large compared to the center frequencies , and

therefore it takes a larger change in fo to compensate for the same relative

difference in the calculated ‘s. The corrections are also non-linear
which skews the scatter to high values of 2~ fo. The plots suggest that
the apparent distance constant decreases with wind speed . Data from all
three filters have been used to give the solid line , 0 = .56 0/(Q - 1). A
fit through the origin , to 12 ms-1 , gives a distance constant for this
anemometer of 0.63 m. Finding a distance constant for the v~ propeller
is more compl i cated because we essentially measure a combination of U and
w. One nbst use observed ratios of 

~w’~u and ~uw’~u 
to estimate the

departure of the spectral slope from -5/3. The value calculated for the v~
propeller is .76 m of air flow in the horizontal. This is about 20% larger
than the v 1 value , perhaps a refl ection ot the deviation from cosine response
which is also about 20% for ~ = 60°.

We have found similar values for other instruments , however one of these
also gave values of 1.0 m for v 1 and 1.2 in for v~ for some early data . This
was a ~it puzzling, but it turned out that the earlier propellers were
nearly twice as heavy as those purchased more recently. All the propellers
we have used are the 7t~” diameter two-bladed type which have the greatest
strength. The quoted distance constant is 0.8 ms~ so the observed performance
of the li ghter propellers in turbulence is somewhat better than claimed .
As noted by Hicks (1972) the initial response is a little better than
expected from a sing le-pole filter behav iour and perhaps this behaviour
explains why the observed distance constant is better than th.it predicted
from the length requ i red to reach (1 -e~~) i f full speed from a zero start.
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It is no longer possible to obtain the type of propeller we have been using
- a new four-bladed version with slightly different calibration is now being
made. We have not established its response as yet , but judging from the
weight it should be similar to the better old type of propel l er.

Clearly, if response corrections are needed , a way to establish the response
under the conditions of operation is necessary . With the response corrections
the drag coefficients calculated from the stresses estimated from the three
bands generally agree wi th the mean of the three values within about 5% for
winds from 6-20 ms 1 and the ratios between stresses from pairs of bands
are independent of wind speed on average.

A similar approac h was used to determine the response of the microbead
thermistors in their protective enclosure . We find that they effectively
nave a distance constant of 1 metre. Thus , their response is being limited
by the enclosure which we feel is necessary for protection from rain and
spray - the radiation shielding could probably be done less restrictively.
However , the observed response is adequate for the measurements we want to
make , although we had hoped it would be somewhat better .

IV. RECORDING SYSTEMS

The data required for Reynolds flux and dissipation estima tes of fluxes are
recorded by two separate systems .

a) Reynolds flux system
The Reynolds flux cospectra span three to four decades and require

recording a great deal of data . The amount of data recording can be greatly —

reduced if we do not sample the higher frequencies all the time . Sub-
sampling will increase the statistical uncerta i nty a little but makes it
possible to obtain many more estimates and therefore improves the overall
statistics. Note that statistical uncertainty in the low frequencies is an
important source of the vari ability of the bulk aerodynamic coefficients.

To establish thei r behaviour with various parameters (e.g. wi nd speed or
stability ) requires a large number of estimates . For remote operation , sub-
sampling is required because of the data storage limitations of low power

recording systems.

________ _____ _____________ — -~~~
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Fig. 3. Block diagram of data flow in the Reynolds flux
recording package.

A block diagram of the data flow in this recording system is shown in Fig. 3.
Up to six channels may be sampled . Three of these are from the twin
propeller vane anemometer; the other three are scalar signals - the micro-
bead thermistor and two of the various humidity sensors we have tried .
During our present work on the station P weathership CGSS Quadra , we have
used two microbeads. In our planned work during JASIN we shall record a
microbead , a-Lyman humidity and dew point temperature. By recording
these two humidity sianals we car calibrate the a-Lyman against the dew
point at hi gher frequencies than we can with the dissipation system .

In the Reynolds fl ux system each signal from a transducer preamplifier
goes to a pair of circuits : one is a low—pass filter wi th a one-second
time constant (3 db down at 0.16 Hz); the other is a prewhitening circuit
to emphasize the higher frequencies. The low-pass filter is an RC filter
with a micropower operational amplifier follower on its output (gain —

1.000). This signa l is used for a slow sampling rate sample. The pre-
whitening circuit acts like a time differentiator at low frequencies ,
reaches maximu m response at 1.5 Hz and then rolls off like an RC l ow—pass
filter at higher frequencies. It also uses a micropower operational
amplifier as the active element. This signal is used for a fast samp ling
rate sample. . 
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If no low—pass filtering were done and the signals were sampled at a fairly
slow rate, the higher frequencies would alias back and variance and covariance
should be preserved . However , the spectra and cospectra could be very dis-
torted . If unusual results were obtained (e.g. a dramatic jump in C0 at
high wind speed) it would be difficult to tell what the cause might be.
Also , if the hi gher frequencies require instrument response corrections
they cannot be applied unless the spectra l shape is assumed . We chose
to low-pass filter . With our usual slow sampling rate (1/3 Hz, i.e., one
sample every three seconds) the little bit of aliasing occurr i ng after
filtering should nearly compensate for the filter loss. The approach of
allowing full aliasing and using the high frequency subsampling to tel l
what aliasing is occurring and hence what instrument corrections are needed
should work but is somewhat more complicated .

By using the prewhitening circuit we eliminate any spectra l distortion due
to frequencies below those sampled (which, because of the greater amplitudes
at low frequenci es,have an effect similar to a large trend). The signal
l evel is a l so i ncreased , which keeps the dig itization noise at a very low
level . The gain is chosen so that the mean square output is about 1/50 of
full scale for the l argest expected signals allowing fairly l arge peak
factors and considerable error in our estimates of the required gain (for a

sine wave the peak-to-peak va l ue would be 1/5 of full scale). In practice
overloading has not occurred so far in our observations. Our fast sampling
rate is 3 Hz (limi ted by the di gital recorders). By allowing the response
to be flat at 1.5 Hz (the Nyquist frequency) we do allow the high frequenc i es
wh i ch we cannot sample to alias back so that we do not lose their contribu-
tion. Of rniirc~ the frequencies above 1.5 Hz are somewhat undercorrected
for inst:ument response. Except for 

~~~~ 
the aliasing effects are small.

Undercorrection for instrument response should be neglig ible except perhaps
for 

~~ 
Since our pr imary concern is the fluxes these limit ations are not

serious.

Sampl e and hold circuits are used to avoid the need to correct for time
skewness in the sampling. The multiplexer allows the A/D (analog-to-digita l
converter) to sample the fast or slow channels in sequence (up to a maximum
of 6).

-- -~~~~ .~~~~~~~ - - - ‘ _ ~~~~ --~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The A/D converter is a 12-bit low power unit (Analog Devices). With 12-bit
accuracy the signal to noise ratio is potentially about 83 db. In our
experi ence, digitization noise is the limiting factor; with no signal (no
propellers and dummy resistors for temperature and humidity sensors) the
change in the AID value is at most + 1 bit. Now the rms fluctuations for
wind are about 1/10 of the mean , or about 20 db down at full scale (50 ms ’),
and 40 dh down at 1/10 full scale (5 ms~~). For the slow samples the van-
tion over the frequency range sampled is perhaps another 20 db so even the
l owest spectral values have about 20 db signal—to—noise ratio. For the
fast samples the signal is about 17 db below maximum at 50 ms 1 and 44 db

at 5 ms ’. The spectra are nearly flat so there should be no problem.
For temperature , the full scale is about 20 C°; with an air-sea temperature
difference of 1° the rrns fluctuations are about 0.1°, or about 46 db down

for the slow samples and 38 db down for the fast samples if U = 5 ms~~.

In the scheme we have usually employed , the prewhitened signals are sampled
at 3 Hz for 128 samples (42.7 sec) and then the low—pass filtered signals
are sampled at 1/3 Hz for 256 samples (12.8 minutes). This sequence is
repeated four times to form one data group to give one Reynolds flux estimate
(over a period of 54 minutes). A time word (the number of 0.1—hour intervals
since start-up) is written at the end of each group. As it is also 12 bits
it folds over after 17 days , but the folds are easy to allow for. A chec k
on the contributions from l ower frequencies can also be made from the means
over the 12.8 mi nute slow samples. The fast sample rate is fixed but the
slow sample rate may be varied from 1/3 sec to 33 sec in 1/3-sec increments.
The number of samples of each type may be varied from 2~ (16) to 

213 (8192)
and the number of fast and slow sample pairs in a group from 1 to 9. The
time interval between col l ecting groups may be varied from 0.1 to 99.9 hours
in 0.1-hour increments. Usually we have used 3.0-hour intervals.

The digital cassette recorders we have used are those made by Memodyne .
Their specifications allow them to be used at up to 100 steps (and bits)
per second. To get our 3 I-L sample rate we run a pair of recorders at 150
steps/sec to get three channels per re- - rder . At th i- -; stepping rate they
are somewhat sensitive and one Inti rt pretest the cassettes to he sure they

will work wel l in a particular machi ne. In retrospec t , it mi ght have been
better either to have accepted a 2 Hz samplinq rate and a little more al ias in q 
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distortion or to have run three recorders with two channels each. We record
the 12—bit words as a 2-bit gap (no flux changes) and the 12-bit word . A
mark character (2-bit gap + 1 bit) separates each scan (sample) of three
channels. These choices were made to avoid losing track of the words even
if a bit were lost. In practice , we have had m ore trouble with gap recog-
nition than losing bits and could probably have omitted the gaps completely,
but we didn ’t know what the limi ts were when we started .

Originally we started wi th standard digital cassettes (equiv~lent to a C60
audio cassette in length). Later we switched to C90 type cassettes (Informa-
tion Terminals ) to increase the record length. C120 cassettes have also
been used by others but with our high stepping rate might not be satis-
factory - we have not made a systematic chec k on such cassettes .

With a C60 cassette we have room for 30 groups of four each of 128 fast and
256 slow scans; with the C90 cassettes we get 44 such groups on one tape .
With a 3-hour interval , this allows 5.5 days of data on a C90 cassette. To
extend the data length further we use three pairs of recorders which allows
16.5 days of record i ng .

Eve’) th is length is somewhat short. More recorders , a different type of
r~~order or a longer interval between record i ngs provide alternatives .
S. mpl i ng at greater than 3-hou r intervals is not attractive since one would
get only a very small number of samples during a particular high -wind speed

event. (Sampl i ng more often is probably unnecessary as more frequen t samples
are not completely statistically independent.) Recognition of the fact that
many of the samples will not be of interest allows one to extend the tota l
sampling length. Low winds ( 5 ins-1) are of little interest. Even winds
< 10 ms 1 soon become of little interest. A circuit was added to average
the wind speed over 0.1-hour (six minute) intervals , the basic interval

rate of the recording system . When a record was to he taken , it would not
be allowed if the mean speed was below a set lim i t in the preceding six minutes .
The settings were 0-9 , allowing recordings for al l winds at setting 0 and

6 to 22 ms~ in 2 ms~~-increments for settings 1 to q • Thus, with a setting

of 3 (10 ms-1 l ower limit) as usu all s~ used on the Bedford stable platform
experiment , records would be taken only about 1/3 of the time on average ,

giving recordings for up to about 45 days. With an intended service interval
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‘ of 30 days, this scheme seemed to provide sufficient length to allow for
bad weather del aying servicing and proved adequate in practice.

The prewhitened signals must be corrected for instrument response. In the
case of the v 1 and v2 s ignals these correc ti ons must be appli ed before u

— and w can be calculated because of the need for a non-linear correction
(see Appendix). The v 1 and v2 signals are Four ier transformed , correc ted
for the circuit and instrument response and inverse transformed using the
first slow sample value following the fast sample to give the offset needed
for v 1 in calculating w. u and w are then calculated and Fourier trans-
formed. To calculate ii~, other covar iances involv ing w and spectra , the
slow sample values are used for frequencies up to their Nyquist frequency
(1/6 Hz) and the fast sample spectral and cospectral values at frequencies
above 1/6 Hz are used for the high frequencies. Originally we planned to
‘correct’ the fast sample values by comparing spectral and cospectral values
in the overlap region 1/43 Hz to 1/6 Hz, but because of statistical variation
in the lower frequencies of the fast sample results this procedure seems to
be less satisfactory than just using the observed fast sample values for
frequenci es above 1/6 Hz. More sampling to reduce the variations above 1/6 Hz

should be done if possible , although we couldn ’t during the Bedford stable

pla tform experiments.

b) Dissipation system
This package provides continuous recording of the variables , their l ow-

frequency variations , and spectral level s from which dissipation estimates

may be made. The data flow for a channel for which both low-frequency and

spectral band information is desired is shown in Figure 4. 

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~
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Fig. 4 Data flow in the dissipation recording system.

Spectral band data are obtained for both the v 1 and v~ propellers. The v
propeller data provide a chec k and are collected to allow dissipation esti-
mates to be made if the v 1 channel fails before the v~ channel . Such esti-
mates being a mixture of and would have more uncertainty ; how-
ever , so far , when we have data , both signals are present and only the v 1
band pass values are used . Spectral band data are also collected from the -

microbead and have been attempted (unfortunately with little success) from
the various humidity sensors. Hopefully, we shall get some useful data
wi th the (i-Lyma n system during JASIN. 

-

The low pass filters are 25-second single-pole RC circuits followed by a
micropower operational amplifi er in a fol l ower mode (gain 1.000). Channels
for which spectral data are not required have the low-pass filter treatment
only, e.g. sea temperature , wind direction , filtered Brady array (when used),
air temperature from the rod thermistor , air temperature from the dew point
system (when used) and dew point temperature (when used). A maximum of 20
low~pass filter channel s can be recorded hut up to now we have only recorded
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nine data channels plus a zero reference to check for drift. In our earlier
work the zero reference was a grounded l ow-pass filter circuit (no drift
within the A/D resolution was experienced). When we added channels and used
all of the nine low—p- filter circuits initially installed the zero refer-

ence became a grounded multiplexer channel .

The prewhitener circuit acts as a dit ferentiator at low frequencies , reaches

peak gain at about 10 - 15 Hz and rolls off as a single-pole RC filter at
higher frequencies . A micropower operational amplifier is the active element.
It makes the input spectrum to the band pass filters nearly white . For a

-5/3 inpu t spectrum the output spectrum is +1/3 in the band pass filter
range. The gain was chosen to make the mean square output abou t 1/50 of
full scale for maximum input (e.g. 50 ms~ for wind , \T = 5 C° with

Li = 25 ms 1 for temperature). The band pass filters are an RC double -pole
high-pass stage fol lowed by a double-pole low-pass stage using a dual micro-
power operational amplifi er as the active element. Care was taken to make

the fina l DC output very small and stable. Again , the gains were chosen
assuming a -5/3 original input spectrum to iiiake the mean square output
1/50 full scale at maxiiiuni inpu t t~ a llow fairly large pea k factors and

leave leeway for errors in the desi qn criteria (for a sine wave the peak-
to—pea k value would be 1/5 of fu l l  sca le ) .

Over most of the interva l between recordings each hand pass channel is
sampled at 20 Hz , the outpu t d i q i t a l l y  squared and sunined . ( In a second
package using a microprocessor , the sampl e I-ate is 10 Hz because squar inq
by the microprocessor is slower than the hard-wired version of the origin al
package). Analog squaring of the signals was considered briefly, hut was
quickly discarded as hav i ng inadequate dynamic railge. The accurate range

of analog squaring is about 20 dh ~~~
,- ~e. However , for a wind veloc i ty

signa l with C0, /u~, and hence ~
— ‘U independent of U , the output power

of a fixed frequency band pass filter is proportiona l to U . For a
change in ff from 5 to 50 ms 1 the power output changes by about 500, or ~‘7 dh.

Since we must allow a bout 20 (lb t~-om full scale for peaking and possible
underestimates of C at high 1 , analoq squaring is much too inaccurate.
For scalars the power output is pi-opru- Liona l t o  U 

- 
( , \~ ) ‘

~
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In calculating the squares, one has effectively an 11-bit number since the
sign does not matter. We decided to retain the high order 20 bits of the

square , the lower 2 bits probably being mainly noise. These 20 bits were
accumulated in a 32-bit register . With 4096 squares (~ 205 seconds), full -
scale readings would fill the 32-bit register but since the mean square

value should be about 1/50 of full scale the register will have zeros in
the first 5 or 6 bits in fact.

To record the val ues in the registers a floating point format was used .
Shifting along the register for up to 15 shifts was used until a one bit
was found . The number of shifts was recorded in the first 4 bits and the

8 bits in the register after shifting was recorded as the last 8 bits.

This scheme does not use the full dynamic range of the system , in fact , and

also does not give a full 12 bits of information except for small values .

• If there are less than 15 shifts the first bit in the remaining eight is

always a one. However, the scheme u~ed does allow adequate dynami c range

and ensures that non-zero bits are signal , not noise. A shift of up to
25 places (requiring a 5-bit exponent) could be used if more dynamic range

is needed, but the resolution of the mantissa would only be 1/64 unless

the first bit was dropped except when 25 shifts occurred . The dynamic

range allowed is 224 or 72 db, less than the noise level of 83 db which will
be further reduced by summing many values.

Suppose U = 2.5 ms ’ or 1/20 of full scale; then the power output of a

band pass filter of a velocity signal is about (20)~~’~, or 35 db down from the

value expec ted at 50 ms ’ which is 17 db below full scale , for a sum of
4096 squares; the 52 db down total is still 20 db above the zero value. If

a larger or smaller number of squares are summed , there is still plenty of

range. For example , for 1024 i terations the signals at ii = 2.5 ms~ are still

14 db above the zero value , i.e. the resolution is still 1/25 of the reading .

For temperature with U = 1.25 ms-1 and AT = 0.25 C° (both 1/20 of design)

one is also 20 db above the minimum value , for a sum of 4096 squares.
Thus , the scheme we have used Is adequate since the minimum values used as
examples are below those used -In practice , and w hen one gets near zero
values one Is sure the fluxes are small (as confirmed by the small directly

• • - •~~ -~~ -
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recorded values of U and ~T). For very li ght winds ( — 1 -2 ms~~) brush
noise from the tacogenerators may g ive non-zero band pass outputs for v 1
and v~, but these are obvious and brush noise is at too high a frequency
to cause measurable effects at wind speed s of interest .

The low-pass filter outputs and the sums of squares of band pass filter
outputs (up to 20 channels) are recorded at intervals. One to 20 of
each type are sel ectable but 9 l ow-pass and 15 band pass filter channels
plus a zero reference for each are the maximum used so far. After each
scan , a 4-bit i dentification word and the lower order 8 bits of the scan
count are recorded. The high order 12 bits of the scan count is also
recorded after each block of scans (maximum number before folding is 2.’o).

The number of scans per block may be selected from 1 to 99 and the number
of blocks per tape from 1 to 999.

The sample interval may be varied from about 6 sec (minimum to allow
recording and bookkeeping) to 999 sec. The number of i terations (number of
squares in the sum) is chosen to use most of the time between record i ngs .
Maximum allowed is 9999 at 20 H~ (8.3 minutes) in the first package and
4090 at 10 Hz (6.8 minutes ) in the second package built. Our basic design
time interval was 4 minutes, allowing up to 4600 squares to he summed (or
2300 in the microprocessor contralled package). We have used 2- or 4-minut e
intervals in earlier experiments. Presently on the weathership program , we
are using 5-minute intervals allowin g .8 days of data on one tape. We use
two recorders in sequence, allowin g bt~ days total which is a hit longer
than one patrol of 48 days including time to and from station .

c) Circuit response measurements
The detailed response of many circuits must he measured in the system -

in particular , the 6 prewh i tener cri -cuit s in the Reynolds flux package and
the 15 band pass filters, includin g the effect of the preceding prewh i teners ,
in the dissipation package. Measuring the response by analog means is both
tedious and awkward because of the frequencies involved . A good chart
recorder is about the only means and amplit ude ratio accuracy of about 2-
is about the best one can do. This method was used at a few points to check
the digital method actually used .
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The method used was to generate a white spectrum (sum of sine waves of
equal amplitude) over the frequency range of interes t on our PDP-12 computer
and generate an analog signal using a 0/A converter . The 0/A holds the out-
put until upda ted and thus has a staircase character , but by going to some-
what higher frequency than finally needed and l ow-pass filtering , a wh i te
spectrum with a smooth roll-off is produced . This spectrum is passed through
the circuits and both the input and output are dig it ized on the POP-12. Fast
Fourier transforms are done on the UBC Computing Centre IBM 370 from which the
transfer function including phase nay be computed accurately. As the PDP-12
has a 10-bit A/D the dynamic range is 60 - 70 db wh i ch is adequate .
Ori ginally we tried generating white noise usinq random numbers , but the
white spectrum with the generation frequencit --~ matched to the sampled
frequencies gives more coherence between iiput and output when the transfer
function is small.

For the prewh i tening circuits of the Reynolds flux package the transfer
function is qu i te small at low frequencies hut needs to he known accurately.
A straight line was fitted in this region to smooth out the small random
errors. For the band pass filter s of the dissipation package such measures
are not needed . However , because the bandwidth is fairly large it is
necessary to allow for the spec tral shape of the actual turbulence data .
In calculating the relation between the input power and the final output , a
-5/3 spectrum was assumed .

d) Power requiremen ts.
Digita l recording offers great advantages for remote operation in terms

of wide dynamic range and low power. (Although the low power di gi tal tape
units require some compromise , e.g. subsamp ling the higher frequencies in
the Reynolds flux package.) The overall power requirement for the trans-
ducers , the f lux package and the dissipati on package is about 50 mA at 36 v
nominal (28- 40 v range). The 36 v was chosen to he compatible with the
power supply on the Bedford Insti tute of Oceanography stable platform ; the
system could be adapted to run on 24 v fa i r ly  easily to reduce the number of
batteries requ i red . Negative supply volt aqes needed for the analog c i rcui ts
are generated internally. Substitution of the microprocessor dissipation
package increases the current drain to about 100 mA, so the grea t er flt ’ \i hi litv
of using a microprocessor does require extra power .
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V. IN-FIELD READER

A serious problem wi th all digita l recording instruments is how to check
them for proper operation in the field. Monitoring connectors on the
recording packages were included so the preamplified transducer signals
could be checked . One can also see if the tape recorders are advancing
correctly but these checks are insufficient and it is not satisfactory to
wait until the cassette can be translated to standard 9-track tape on
our PDP—12 system in the laboratory. Thus , to provide a check in the
field,a reader unit was constructed to decode the output from a Memodyne
reader unit and provide signals for a six-channel chart recorder (a Brush
260 in our case).

For the dissipation package records the unit can be set to start on any
channel and decode six sequential channels. A 10-bit 0/A was used because
a 12—bit unit was not readily available when the unit was built , but it is
adequate for chart mon i tori ng . The l ow-pass channel s are put out directly.
For the band pass channel s the first 4 bits (the exponent) are inverted so
that increasing power gives increasing outpu t, the first bit of the remaining
8 is dropped (unless the exponent indicates 15 shifts) and the others are
shifted . The output , then , is approximately log~ (of band pass output).
Actuall y, it is a set of sixteen linear segments approximating a l ogarithmic
curve. The in-field reader proved inva l uable in checking for proper opera-
tion and gives an excellent indication of it. For example , when working
properly the v 1 and v-~ low-pass signals should and do look very similar ,
the microbead and rod thermistor air temperatures ’ l ow-pass signals loo k
similar. Likewise , the band pass ou tputs for a given transducer all
follow one another. The reader will also put out the three data channel s
plus time channel from a Reynolds flux package tape.

VI . FIELD MEA SUREMENTS AND SOME PRELIMINARY RESULTS

After loca l field testing our first field expedition with the equipment
was to Sable Island , Nova Scotia , for an intercomparison experiment with
the air-sea i nteraction group of the Bedford Institute of Oceanogra phy in
September and October 1975. Our preamplified transducer signals were also

recorded on the BlO recording system and initial analysis of these records

was performed at 810 for comparison wi th their results .
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nc shortcominqs of the huriid it ~ senso rs ~-ie ~w-e tryi nq. which this experi -
lent revea l ed , have a 1 ready becti went ioned in sect io n  III b . A need to ii:~—

; -c ’vc our teriperature measurei~eiits was a l so  indicated , as discussed in

~ec t io n 111 a.

The r e ; il ~s of this experiment were written :p jointly as a BlO technical

report (Smith , et al. 1976). The ma u i rcsu1~ s are tILIL al l the wind

sensors (Sonic and thrust f rom B l O and d i l l  fm - ow IOUBC) gave com para b le
results (Our GILL anemometer system required response corrections , as
o-pected ) and that the ind i cated values of CD are similar to those reported
by Smi th and Banke (1975) mainly based on offshore tower dat a .  Detai led
response co r rec t i ons  to the GILL were not made but were allowed for by

c omparison wi th the BlO resu lts and seemed reasonable It the distance

~unstant were about 1 in. At that t ime ~ r lad not e- ; tabl i shed the exact
di s tance constant s as discussed in sec t ion Ill e. However , the covari ances
at a given height come from a f ixed range f length scales so if the response
limit occurs as a distance constant , the correction Is independent of U. Our
awn analysis of these results is still in progress hut it appears that with

detd i led corrections both Reyno lds flux and d iss ipat ion est imates give
simi lar results to those presented in Smith et a l. (197 h).

T he next f ie ld experiment was a lso condu lad i th the a c- - sea qroup at ~IO

an their stable p1 atforni - about 10 nii 1 es of t  ~hoi’e of Hal i fa~ , Nova Scot i  ~i.

~ na ‘i . anal ys is  on their sy s tem q i\ - e s  c a b le resu i t ~ w ith S i a l ~er

re-~ponse correct ions to the GILL sys Le~u I mid I a Led probably L’ecause of the
qrea Cr height and a lso because of the bet tei - -respow-e newer propel 1 ers

0ur ana lys is  is giv ing similar ~‘esu lLs w i t h  C 0 values gene ral ly aqrec ing
wi th the Smith and Banke ( 197~ ) curve shan i nq an apparent ly la i r  1v slow
I I near increase of C0 wi th 0. Mea SW~CI~01 1 - -, w a at tewp o f  I rol l ~~t p  t

19/0 through Apri l 1977 and a grea t deal ni do a were obtained. We are

a i r t i cu la r ly  p leased wi th  the amount of dat a obtained above ib ms~~ . T a b l e
2 ‘~io ws the number of Reynolds f lux est inm dt es and number of hours  of di ss i
pation data obtained for unlimited fetch ~ondi t ion s (~~- 1 hour ef d i s s i p a —

ion data is sufficient for a flux estimat e). l herc are also data for

l im i ted  e t h which we shall examine . We also pl an I a look a I the t I ~ic v a r ia t i on  

.- _ - . ‘ _ •  -- ~~ -•—-- ~ - •
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of CD with storm front passages , 13 of which we have identified

Table 2. Unlimited fetch data from the Bedford Institute stable platform .

wind speed (ms ’) 6 - 8 9-11 12 - 14 15- 17 18 - 20
# of Re flux records 67 79 82 32 13
# of hrs of diss. data 165 175 77 53 33

Our next field experimen t started in July 1977 with our system being
installed on board CCGS Quadra . one of the two ships which occupy ocean
weatherstation PAPA. The first patrol was during MILE (Mixed l ayer experi-
ment) and in spite of unintended shut—down problems caused by power line
transients , a good dea l of data were obtained thanks to the efforts of
Dr M. Miyake and his staff who were on board running another program. A
good dea l of work had to be done to reduce radio transmission interference
which was increased by adding the ~-Lyman and dew point systems and their
cables. After the second patrol the dew point and ct—Lyman systems were
removed as it became obv i ous that few useful data were being obtained by
them. On the third patrol which was recently completed , the system ran

throughout although both microbeads were broken after a few days . The
last patrol on which we shall operate starts in late March 1978 and ends
in early May. Qu i te a few observations for winds up to 20 ms~~ have been
obtained with a few occasions of wi nds to 25 ms- 1 . An exact list includin g

corrections for ship ’s velocity has not yet been compiled .

Our next field operation (and probably the last , at least for some time )
will be on the Meteor during JASIN. Here , one of us (WGL ) will be on
board and another attempt can be made to get moisture flux measurements
using the a-Lyman humidiometer for fluctuations with the dew point system
to provide ~n aitu calibration .

- =~~~~~ — .- — — 
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Appendix. Analysis of the Gill twin propeller vane anemometer .

horizontal — ‘i~— — — — — —
VI cx

w1~~~~~~ —___
~ — 

— -

Fig. A.1. Sketch of propeller system to define ang les ;

~ is tilt of v 1 propeller (tilt down taken to be positive),

a is ang le between propeller axes , nominally 600 , u is angle

of attack.

The propellers are vane-mounted which keeps their axes and the Instan-
taneous wind vector in the same plane . If the propellers were cosine
devices so that the axial velocity component v 1 total velocity times
cosi ne of angle of attack , then

V 1 
= Q cosS + w sims

v~ 
= Q cos(a+~) + w s in ( ~~+~~)

where Q = + q, mean plus fluctuation of the horizontal velocity component
and w is the vertical velocity component. Now Q = t( iT + ~)? + v2 .~ where
U = IT + U is the downstream component , v is the cross—stream component
and ~ = 0. Thu s expanding Q = IT + u + + higher order terms .

= (v 2)’~ 11/10 so the v~
’ term is quite small and furthermore will be

almost uncorrelated with u or w and m ay usually be neglected . In
practice , we resolve Q i nto U + u and v using the wind direction
indicated by the vane , but if the vane circuitry fails we can still obtain
the Reynolds stress ~~ (~~~~~~ = + ~~

‘)but in near neutra l conditions
w (w 2 + v 1 + u2) -‘- u~ so wv 2 < mi ~ . The extra term 1/SO u~ so qw uw

wIthin 1 or 2%). Note also that ?~ = ii + - 1.005 if and for most purposes
either may be used .

_____________________________________________________________
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For angles of attack greater than 1O_200 the dev i ation from the cosine
response must be taken i nto account. Since 5 , the error angle if the axis
of the v 1 propeller is not horizontal , will be small , the formula for v 1
should be sufficiently accurate . The observed value of v ’ , v~, is found
to be smaller than expected from cosine behaviour ; v~ = v~’v ’, . Figure A .2
shows values from four factory curves (R.M. Young Co.) as wel l as values
from Hicks (1972). Hicks ’ values for 1.2 ms- 1 are somewhat low as might
be expected since below 1 ms 1 the output is l ower than predicted from
the linear relation between output voltage and wind speed for higher
speed operation . H i s  values for 8 ms 1 are somewhat high , exceeding 1.0
for e = 10~3O0 , perhaps because of wake effects on the vertical shaft
extension which was added to make the geometry more symmetric near 90°.
In the range of 40-70° the slope is similar to the factory curves. We
do not have such a shaft extension since we work near 0 = 600 . For any

on~ set of points a linea r relation in the range 35_700 or so fits
reasonably wel l wi th some variation in the slope and intercept. Gill
(1975) and the R.M. Young Co. (personal communication) do not find any varia-
tion of i~’ with flow speed up to 15 rn/s provided it is sufficient to be in the
linear operating range. From this figure we take ~~

‘ = 1.103 - 0.0047 o
where 0 is the angle of attack in degrees and this formula is valid for
o from about 35-75°. For the v2 propeller , 0 ~ + ~s 

- tan ’(w/Q).

Because w and Q are negatively correlated , o is more likely to he

a + ~ than > ~ + ~c . For example , if w = -3o ~-O.13 ~ (or 11 the mean
of the downstream velocity componen t wh i ch J i f f ~ rs from Q by about ~ - )

and taking q = 0 (although q is likely to be po.;itive reducing the angle
difference) 0 + 5 + 10°. For w 3

~w 
and q = 

~
3° q (where °q

o = a + ~5 ~
140 . Now w and q (or u the downstream fluctuation) have

nearly Gaussian probability distributions so the chance of tan 1 w/Q going
outside the range +100 to -14° is very small (less than 1 in 50O)~ The

tilt angle , 5, which one of course tries to make as small as possible ,
should be a few degrees at worst. In practi ce we have found indicated ~S

’s

to be ±5 - 60 at most. Because of the uncertainty of the points in Figure A.0

the slope which is taken to be -0.0047 could range from -0.0038 to -0.0056
as shown by the dashed lines . The effec t of these possible variations
will be examined .

.
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In order to do numerica l calculations to show what results can be obta ined
we s~iall take a = 60°. In practice , of course , we use the measured value
for a particular instrumen t which we can obtain we believe to rather better
than 1°.

Converting now to 5 and tan ’(w/Q) in radians and taking = 600 for
illustrative purposes

= 0.821 [1-0.328 (s-tan ’ (w/Q)) I .

It is convenient to multiply both sides of the equation for v~ by 1/0.821,

that is , to include the deviation from the cos ine response for the case

w = 0 and ~S = 0 in the calibration , then

v~ v~/O.821 = 
~ [ Q  cos(n/3 + s) + w sin(n/3 + ~s ) ]

where ~ 1- 0.328 (s - tan ’(w/Q)). In the case ~ ~ 60° we use

= ~~‘(a~ [1- (O.269/o ’(~ ) ) (~s - tan 1(w/Q))1

and take v2 =

Now w/Q is fairly small so we can make the approximation tan ’(w/Q) = w/Q.

This approximation neglects a term of order (w/Q)-~ but here we shall keep
only terms to second order in small quantities (w/Q and ‘

~
) and show that

they give sufficiently accurate results.

The tilt angle ~s may vary slightly because of cross-stream fluctuations v
(from existing data i~ , = 11/10). For fluctuations in wind direction , •,

= tan ’(v/U) v/U. s will have its Lirc iest fluctuations when -~ is such

that .s is fl uctuating about zero. Taking the maximum tilt to be 10° (although 50

is about as l arge as we have observed ) ~ = 10° sin~p 10° x ~ 10° v/U amid

(~~~!)
‘2 100 u / if 1°. Thus in the worst case since v and hence ~

will be approximately Gaussian we need to cons i der ~ variations up to ‘2°

about the mean. We shall look at the effect of ~ variations after considerin g

the case when 5 is constant.

Now we have

= 
Q cos~ + w sims

= ( Q cos (n/3 + tS ) + w sin ( 11/3 
~ ~
) J . [I - 0.328 ~ + 0.328 w/Qi :-

~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Taking averages in time for a period of order ~ hour or more , w << Q
so we assume = 0. Then

= Q COS4S

= 
~~[ cos ( 11/3 + 6 ) [  1-0.328 6 ] + 0.328 sin ( 11/3 ~~ ) ~~ /~ 2

correct to second order. The term in w 2/Q 2 is , taking °w 0.06 ~ and

6 = 0, 0.001 while the other term is 0.500. This term can probably be
ignored compared to other errors (in calibration , D.C. drift , etc.).
The procedure we use is to remove the 0 part of v2 by taking

v2 -(~ 2/~1 )v 1 and then solve for w. When we ignore the w2/~
2 term we

put about -0.001 Q and hence -0.001 u in v~ -(~H/~1 )v1 . If we correlate
this wi th u then we add about -0.001 U2 to IJW or about 0.006 tiW
for an error of abou t ~%. For our four blocks of about 13 minutes each
the ratio V2/V1 for an individua l block varies from the mean for the
four blocks by about + 0.002 so the assumption ~i = 0 should introduce a
random error in tiW of less tha n 1~ . Mote also tha t ignoring this term
and higher order terms may give a w with a non-zero mean so it is
important to remove the mean i n  w a’ id;  or in u or integrate the
cospec trum leaving out the zero t a - 1 ’ q taoPR v a l u e . If we calculate ~~ as
(IT+ u) x (w- .001(U+u)) we qet uw .0.001 t1 -O.0O1~~ or about
ijW (1 + 0.6) which i ~ a ver y - , rr  iou s t-r ’ a~r . n - - , -r ~- , as in any Reynolds
stress measurement , t is e’~~~-’t I -i t nt ’ -. a - the means . Ac tually the
calculation is a little more c onip l a t e d  t’.n au’o ’ with V / v 1 = 0.501 the
ca l culated ~ is not zero t a t  - i~ . fti r adiaiis . Then u is calculated from
v 1 - Q -w tan6 and is actu all~ u ool ~ and (t~-T~~~~j) Tu T~5f~) ‘ iiw - .001
( jj7 _~~2)  ~ ~~ (1 + .004) so the error is about ‘~ %.

Clearly for this procedure of removinq the fl part of v , to work one
must have good D.C. stability , I-ic i~ve been very carefu l about D.C.
stability in desi gning our circuits using low temperature coefficient
zener diodes as references for our power supplies and offset voltages.
Before discussing the effects of offset errors further , because they
produce apparent ,s ’s which must be taken into account , let us first show
examples when there are no errors.

I

Neglecting the ~~ /~ 2 term for the moment we have

_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _  -~~~~~
, --
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= cos(n/3 + 6) (1-0.328 6 )/cos6 —

= (1— 0.3286) (cos 11/3 coso — sin 11/3 sin6)/cos6

= ~ (1-0.328~~) (1-~~~tan~)

Since 6 is small , take tan 6 6 which will give an expression correct to
order 6~. Then 2

~
’
2/~1 = [1- 2.0606+0.568 621 which allows us to calcu-

l ate 6 from the observation s of 
~ 

and v2. The quadratic formula ciives
6 = 1.813 ± V1.528+3.521(V2/V~J. Since 6 is clearly less than 1.813 radians
we see that it is the root invol ving the -r that is required .

• Now v2 = 
Q cos(n/3+o) (1- 0.328 6)

+ w E sin(n/3 + s) (1-0.3286) + 0.328 cos(11/3+6)]

+ 0.328 w 2 sin(n/3+ 6)/Q

v 1 
= 

Q cos6#w sinó

so v2 - (V2/V’1 )v 1 = w[ [ sin(n/3 + 6) - cos(n/3 + 6) tan6][1 - 0.3286 1

+ 0.328 cos(u/3+6)] + 0.328 w~ sin(ri/3 + 6)/Q

— 0.328 sin(n/3+6) (w2/Q2) (0 cos6+w sinó)/cos 6

Using sin(n/3 + 6) cos6 - cos(ri/3 + 6) sins = s in  11/3 we have

v2 - (~2/~1 )v 1 w[(sin(I1/~’cos6)(1 -0.3286) +0.328 cos(11/3+6)]

+ 0.328 w2 sin (u/3+6 )/Q

- 0.328 si n (ll i3 + ’~) ( w ’/Q2)(Q cos6+w Sifló)/cos 6

Now the cos(n/3 +-6) w term arises from the 
~ Q 

cos(I1/3+6) term. Thus even

to first order it is not sufficient to simply correct for the deviation
from cosine response for the w = 0 angle of attack. Using the linear
approximation and neglecting this term gives w ’s almost 20% too large.
The uncertainty in the coefficient 0.328 will lead to some error but it
is only about 3% as we shall show later. The final term can be neglected
without serious error provided we remove the mean from u and/or w before
calculating uw as noted before. The term in w2 is kept because w ’

may be severa l time s w2 . However , with negligible error we can replace Q

with v 1 /cos6 In this term. So the approximation we shall use is

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
-•- _
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)v
1 

= B w + A w2/v 1
where V2/V1 observed is cos (n/3+6)(1-0.328 6 )/cos6+0.328

sin(n/3+6 ) ~~/~2

B = sin(n/ 3)(1-0.328 6 )/coso -s- 0.328 cos( IT / 3 +6 )

A = 0.328 sin(rI/3 +6 ) coso

and 6 is calcul ated from 1.813 - /1.528 + 3.521 (V2 / V1)

First, let us consider some examples where we calculate v 1 and v2 without
any approximation s using assumed values of Q, w, and 6. Then we calcu-
late w from the approximate formula. w~ is the solution of
v2 - (V2/~1)v1 = Bw L ; w~ is the solution of the quadratic where with
8>0 the correct root involves +/b2 - 4ac in the equation aw 2 +bw+ c = 0.

We take ~~~ 
= 10 ms 1 

°q 
= 0.1~ = 1 ms-1 and °w 

= 0.06~ = 0.6 ms- 1 . Since
u (and hence Q) are negatively correlated with w we take ±2o~, with
and ± 3ci~ wi th ~~~~ These include about 96% and 99.7% of cases for
Gaussian variables for CD equal to 1.6x10

3. When CD 
= 2.1x10 3, then

the ± 3~~ case given includes 99% of cases provided ow/u* and a0/u~ remain
the same (as expected since observations over l and give simil ap - values).

Take 6 = 100? v2/v 1 observed = 0.3285; 6 calculated is 10.02°. Calculated
A and B are 0. 3036 and 0.9411 (for 6 = 10°A & B are 0.3035 and 0.9412).

w Q v 1 v2 w~ wq Wq 
+ .OO~1v 1

1.8 7 7.206 4.189 1.936 1.792 1.800
1.2 8 8.087 3.831 1.248 1.191 1.201
0 10 9.848 3.224 -0.012 -0.012 0.000

-1.2 12 11.609 2.709 -1.174 -1.215 —1 .201
—1.8 13 12.490 2.473 -1.733 -1.818 —1.803 

- - - °  — •~~=—=•---- -—-——•——.
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w~ = w+ (A/Bv1 )w 2 and shows the expected distortion . Later we shall show

that the effect of ignoring the quadratic term is reasonably small. W q
d i f f e r s  from w mainly by -(0.0011/B)v1 which comes from neglecting the

w2/Q2 term. q or u calculated from v 11tos0 
- w tano will be in error by

10~ u-4x 1 0~~w which is negligible. As noted before, the 10-3 u term

in w calculated gives an error of about + 1 2 %  i n  1i~~.

Take ~s = 0: ~~~~ observed = 0.5010;

~ calculated is -0.06° 8 = 1.031 A 0.2839
for 6 = 0° B = 1.030 A = 0.2841

w Q v 1 V 2 
wq wq + .00~0v 1

1.8 7 7. 5.476 1.911 1.785 1.792
1.2 8 8 5.285 1.239 1.191 1.199

- $ 0 10 10 5.000 -0.010 -0.010 0.000
-1.2 12 12. 4.799 -1.177 -1.211 -1.199
-1.8 13 13 4.718 -1.741 -1.811 -1.798

Wq error is - 0.001 v 1 - The q error is 10~ u + 10 - ~ w and ~~ error is

~10_3 (~~~_ w 2) 
I

Tak ~ = - 10°: ~~~~ observed = 0.6910;

6 calculated is - 10. 13° B = 1.142 A = 0.2469
for o = -10° B = 1.141 A = 0.2474

W Q v 1 V~ W
q 

W
q
+ .OOO~~v 1

1.8 7 6.581 6.700 1.~~5 1.781 1.786
1.2 8 7.670 6.705 1.230 1.190 1.196
0 10 9.848 6.796 -0.008 -0.008 0.000

-1.2 12 12.026 6.961 -1.181 -1.207 -1.198
-1.8 13 13.115 7.062 -1.752 -1.805 -1.795

The q error is - 5 x 10~’ U + 2 x 10~ w. Error in U~ calculated ~ _
~~~. 

-~~~~~~~-—~~~~~~~~~~~~~~ ---•-- •- •.~--
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Clearl~ given a steady value of 0, an accura te a , good D.C. stability ,
accurate calibrations and an accurate formula for I~

’ , we can calculate
w with good accuracy and with negligible contami nation with u , the
downstream velocity component. Removal of u in the calculated w is
essential to avoid large errors in uw in any method of obtaining uw
and the procedure is designed specifically to do this removal as well as
possible. flote that even at 5 ms~ and 6 = 10°, v .- 1 ms~ so that we
stay in the linear range of the propel l er ’s output , the origina l intent of
using a 60° rather than 90°. At higher turbulence levels (e.g. over
fairly rough land) where 6 might become as large as 10°, it would probably
be best to use a 50° - A smaller a would decrease the relative
importance of the quadratic term somewhat but increase the uncertainty
in B and o because of the uncertainty pf the slope in 3 ’ .

Let us now look at how various errors affect the calculated w. Since w

is also used in calculating u (or q) from v 1 these errors may propagate

into u and the calculated uw so the effect on uw must be examined
as well. w is obtained from aw 2 +bw+c = 0 where c = -(v~ -(~~/~1)v 1),
b = B and a = A/v 1 . Now I 4ac l s~~. b so we can expand w = (-b + /b2 - 4~~)/2a.
to give w - c/b - ~a/b)(c/b)- in order to do our error analysis. Note

that this expansion is equivalen t to usin g w~ in the quadratic term to
get an approximate sol ution for w

w , = — c/b amid w = w , — (a/h)w” —

Calculate w ’ = w~ — (a/h)w , = w~ (a/h)w
2 —(a/bXw-’ + (2a/h)w-~ + ( a

2/h2)wt’).
w ’ = w + 0(w3) so w ’ is also a second order accurate solution and could be

used . In practice Wq the solution to the quadratic is better containing
smal l er w3 terms than w ’. However . in analyzing for the error , ~w ,

due to variations in a , b, c the second order accurate w ’ solut i on i s
easier to use and should be of sufficient accuracy .

Ow = -~~~
.
~~~- + - ~- • - ~~ - ~-(c/b)~

’
~~- - c/b~~~ +~~(C/ b)2~~

The first two terms caine froni shifts in w , due to c and I-’ changes while
the fina l three are associated wi th changes to the ‘correction ’ term -(a/tlw , ’ .
As this term Is qu i te small ( < lii of w~) the three fina l terms will generally
be of secondary importance. If we ctlc u lat e ~w from (~w/ ~i)~~a ~ (. w/-~ h)~ch +

(~w/ ~c) 6c then the term s above ~re thu l~iruest terms in an expan si on ct

L _ _ _ _ _ _  •
~~~~~~~~~~~
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thi s more exact expression.

Errors in a

Suppose a is actually 62° instead of 60°. will then be smaller than

expected because we have included 13’(60) in the calibration , not 13’(62);

the factor is 0.9886. With 6 = 0, v2/v 1 observed is 0.9886 cos(62) +

0.328 sin(62) ~
/Q2 = 0.4651. 6 calculated is 1.96° because in the formula

used to calculate as the 1-0.328 6 factor accounts almost exactly for the

13’(6~’~~(6O ) factor (if the 7/~2 term is subtracted from v2/v1 then 0
calculated is 2.02°). Thus any error in a appears as an apparent tilt

ang le 6.
A should be 0.9886 - (.328/0.9886) sin62°= 0.2896, -

:

calculated to be 0.328 sin(61.96°) cos(1.96°) = 0.289~
B should be 0.9886 sin62°+0.328 cos-62°= 1.027,

calculated to be 1.011.
There is no error in c as it is taken as gi ven ; there is a small error
in a (oa/a 0.015) but as it is in a second order correction the error in

w is 2x10 3 at most and can be ignored . The main error is in b ( B). 
- -

Since B used is too smal l , w will be too large by about 1~%.

w Q V 1 V 2 W~ W
q 

Wq
+ .O0~ v 1

1.8 7 7 5.222 1.945 1.311 1.818
1.2 8 8 4.995 1.261 1.208 1.216
0 10 10 4.641 -0.010 -0.010 0.000 —

-1.2 12 12 4.372 -1.196 -1.232 -1.220
-1.8 13 13 4.250 -1.768 -1.843 -1.830

w is a little large as pred i cted and contains -0.001 u. However , because
we take u to be the fl uctuating part of v 1/coso-wtan 6 and v 1 actually
has no w in it (the true as =0) we get 1.0006u-0.034w. Zi~ calculated
(1.015w-0.OOlu)(1.0006u-0.034 w) = 1.016~~~- .001 i~~-0.035~~. With

= 1.5 u~, a,~ 
= 2.5 u~, ~~ calculated is 10-~ too large. Thus while we

have gotten the u out of w pretty well we have left some w in the
calculated u. This problem is not peculiar to this system . An error in
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the angle between the axes along which components are resolved will lead
a to the same problem in any system and the error will be similar assuming

one is careful to use = 0 to remove any u signal from the calculated
w. The error is a little worse here because the w calibration is also
affected a little ( - ~- 1 .5%).  For a one degree error in a the ~i error is
about 5%; for a system for which only the w in u causes an error (e.g.
a sonic anemometer) the error would be 4%. We bel i eve we can measure a

to rather better than 1° but to be on the safe side we must consider there
to be a possibl e error of up to •~ 5/ from a errors. Since 0 is not appre-
ciably affected the error in CD is also similar.

Offset errors
We have been careful to make these very small as noted earlier , and we expect
them to be similar in both v 1 and v -~ in % terms so that they cancel . At
5 rn/s an offset error corresponding to ~ . 2 bits (i.e. ± 5 my) is about - -s
1/200 in v 1 and 1/150 in v2. Suppose the worst, that these offsets occur

a 
with opposite signs . With ~ = 5 ms -i and 6 = 0 for v 1 we add 0.025 ms~
to the values , and for v2 we add -0.015 ms~~. v2/v 1 = 2.485/5.025+ .001 = .4955
instead of 0.5010, as ca lcu lated = 0.25° . As wel l as a small offset error in
wq~ which we ignore since means are removed , we get w + 0.0045 u. A cal-
culated is 0.2848 , correct A is  0.2841. B calculated is 1.028; B cor-

-

• 
rect is 1.030. The main error is due to adding some u to w. uw cal-
culated is (w+O .0 0 45u)  (u- .0044 w ) = u w -i- .0045(u 2 -w 2 ) ,  so I~ 1 is

about 2% too small. U2 is about 1~- high and CD about 3% too small. If the
errors are opposite v2/v 1 = 0.5065, w calculated = w- .065 u , 6 = -0.36°,
u calculated = u+ .0063w. Error is -0.0065(u2 -w 2); 

~~ 
is about 2.5%

too large and C0 about 3.5% too large. Thus at 5 ms -1 the error is about 2.5%,
at 10 ms-’ about 1% in  ii and perhaps 2% in CD, and lower at higher speeds.
Note that the apparen t 6 is such as to add a little w to the calculated

u which hel ps to reduce the error. In fact the offset errors due to thermal
drift are in the same direction so the actual errors are ~� or less than

these worst case values.

Cal ib ra t i on errors

For one propeller relative to the other , the calibrations are probably accurate
to about ± 1%. Overall, based on our own checks amongst others , they should
certainly be better than ~ 2/ .  If both propellers are 2~- high or low then

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ --~~~~
•-— - - - - -
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the effect cancel s in calculat ing ‘3 , A , B; w and u wi ll both be 2% high
or low together; ~~ will be 4 but in calculating C0 the error cancels 

H

out and CD is unaffected . If v 1 is 21 high while v , is 2/- low and

~c true = 0, then ~~~~~~ 
= 0.4814. In takin q V . - (~~ /V 1 )v 1 we are sti ll

left with -O.OOlu ; using the observed ratio still gets the u out of
w in the same way as before . w is of course 2/- too small due to the cali-

bration error, but B calculated is 1~- low so w is only 11 low , u is
2~ too big , as apparent is 1.04° , so u apparent is 1.02 u - .018w and
uw as calculated is 1 .Oluw - .001 u2 - .0 18 w- ’ and is about 5%
too large in size; again the effects on C D tend to cancel and it is only
1/ too large.

If v 1 is 2% low while v , is ?‘~ high and ~ true = 0, then = 0.5214 ,
c calculated is - 1.180 ; B is 11 - hig h an d w is 1-1- high; u is 211 low ,
but has 0.021w in it so uw calculated is ( . 9 8 u +  .0 21 w ) ( 1 . O l w -  .OOl u )
= 0.99 uw+ 0.021w2 — .001 U 2 - u~iT is about 5~ too small in size but since
U is 2% low, C0 is only about I”~ low.

Errors in the 5 ’ (O )  relation
From Fig. A.2 it is clear that some variation in f -his function is possible.
To examine the effects let c a s s u - e  that the relat ion used so far is
correct and see what happens ‘..he~ we ~~ s ome other ~‘ (e )  in ca lcu la t in g
w, uw and CD. Suppose we think tha t ~‘ ( 60 ’~ the intorcept j~~~

) .~34 instead
of 0.821, then the calculated v ~ wifl hr too ~- ? a l l  b~ 0.~ 2 1/ 0 .0 4  = 0.977

and so w i l l  ~~~~ by the same amount. b r  true ‘ ‘ s of 10. 0, -10 the
calculated as ’ s are : 10.4 (1 , 0.59 , - ‘1~ ~~~

‘ . 
~~ , 

- (v~,’ v 1 )v 1 w i l l  he 2.3 1- low
and will contain — 0.001 u as hcfoa ’e . b~r- - au~~ of ~he apparent 

S . ~ w i ll
also be too low by about 0.6-’ t~~ A w i l l  hr about 0.6’ hi gh. The change
in A can be ignored since it occ~o-s Iii a srul 1 c rrect ion term . Thu s

I w j calcu la ted wil l be about  I .7~ t o ’  sma l 1. At the same time , we intro—
duce some w into the calculate d a ( - ‘-I , -1.0 ~~~ — 1 .2 for 6 10,
0, —10° ) . So I~~I calcul ated h~s ~~

,, t ’ ra’ o~ ~f —1 . 7 ta’om small ~, + 0.6 ~~-

from ti in w and + 1 .9 to 2. 5 fr am ~ in u duc o t ha’ apparen t 6

Thus I~~ 
is 0.8 to 1.5% too lar ,e •anl so is C,~. ~ the ,iccurned inter—

cept is 0.80 then ~~ and are a lno~.t unchanqed because the effec t 

— — — -- -— - - 
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of the - 0.001 u in w cancels the intercept change . Our orig inal
calculations were based on the curve wi th the 0.82 intercept . When the

* other data are plotted it appears that 0.81 might be better in which case
our 1 U 1 ’ s are about a

~2 % too small , neglectin g the -0.OOl u in the
calculated w. However , neg l ecting the w2/Q2 term in V2 /~1 tends
to make 

~~ 
about 

~2
% too l arge an~ compensates. The effect of this

possible error in the intercept is abou t 1/ for intercept variations
of t 0.04 and i~ i ~ 5° .

With the intercept unchanged , variations in the slope used in the calcu-
lations do not change ~~~~~/~~~~

- but do chan cie A , B and the apparent 0.
IJith the slope variations shown in Figure A .2 the 0.328 coefficient in
the equations may vary from 0.265 to 0.391. A then also varies by

20’/. The effect of using the wrong A is then to leave about 20%
of (A/Bv 1 )w~ or second harmonic distortion in the calculated w. As
we shall show later , the effect of ignoring the whole second harmonic
(w2) term is small so if 20’- of it is left in it should not matter.
Suppose the correct coefficient is 0.328 but we assume it to be 0.265,
then the 6 equation becomes 1- (* ‘

~~
+ 0 .265) 6 + 0 .265 a ’~ $-~ = 1- 1.997 $ +

O .4 5 9 ’ 3-~. For an actual 6 = 10° , 6 calculated is 10.380 , B calculated
is 1.5~ low , making w~ calculated 1.5- . - too large. u calculated is
actually u - .007w so ~~ calculated is 31- too larae and so is C0
(actually 3.5’ considering the u in w effect) . At -~ 

= 0 only the
effect on B need s to he considered ; it is 3/- low and jw and uw ,
are 3 - high. For ~ = -10° , 6 calcu lated is ~10.630 , B is 4’~ low and

w 41. high , but u calculated is u + 0.011w so 1i~ is in error by
+ 2’1- -

if we assum e the slope coef f i c i e n t is 0.391 instead of 0.328 , the ,‘

equat ion is  1 - 7 . 1 2 3 6 +  0 677 6c~ For ~ = 10° , ~ calculated is 9.79~,
B is 1.5% high and wI 1.5.- low; u calculated is u+0.004 w , so

uwl is 2.5/ too small froa’i the slope e f fec t  and the - .001 u in w
reduces this to 2’.. At ~ = 2. B is 3 hiqh and wi 3’ low; 

~~
is 2.5 / - low inc ludino the effec t o~ the — 0.001 u in w. For ‘ —1 0”

~ calculated is — 9 .78 , B is 4 - niq h and ~c 4-’ low ; u calculated a s
u - 0.004 w so uw is 2 .5 .  low includ i nu the u in w effect.

— -——
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If the slope and intercept both change the effects should be additive.
From Fig. A.2 a low slope would tend to go with a high intercept and
v i ce versa. At a = 0, we get a total error of +~~% from the intercept ,
+3% from slope, +½ % from the u in w for a total of 4%. By calcula-
t ion , iw l is too small by 2.3% from the change in v 2 - (~2/71 )v 1 , as
calculated is 0.61°, B is 3.5% too small , so w is 1.2% too large and
contains - .OOlu. u calculated is u- .011w so 

~~ 
is +1.2%+ 0.6%

+ 2.2 = 4% too large , which agrees . For a high slope and low intercept at

a = 0, 
~~ 

is - ½% from the intercept , + ‘~ % from the u in w and
-3% from the slope , for a total of -3% .

Thus , overall the error in B ’(O) should lead to an error of about ± 3%.
As the slope for any given data set (where the experimental error does
not cause a lot of scatter, i.e, beyond about 70°) seems to be well
within the limi ts which we have used to calculate errors, the error is

probably less than ± 3%.

Errors due to fl uctuations in aS

o = o 0 cos (~~-~~ ) where ~ is the wind direction and ‘3 has its maximum
when • = . Taking  ~ to be in the direction of U the mean downstream
component —

= s in 1 v/Q; sin( q~-~~) = v/Q

cos(al —
~~~~~) 

= 1— v2/2Q2 + O(v~/Q~) and the term 0(v4/Q~) — 0.001

99.7% of the time if v is Gaussian , so we neglect it.

a = 00{cos(~ -~~~~~) 
cos (~ — fl  + sin(q -f i  sin( qa -f l }

= as 0 {cos( + -fl ( 1 — v 2/2Q2) + sin(~0 -f l (v/Q) }

= as {cos(~~ -fl ( 1_ V 7 /2~2 + higher order terms)

Fluctuations in a = - T as {cos($0 - fi (~~/2?~2 - v2f2Q2 ) + sin (~0 - fi(v/Q) I.
W hen • -

~~~~ 
= 0, ~ = a (1 - .005) so the difference between ~ and ~ cos(q -

~~~~~)

is about 0.05° at worst.
.
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Note that the a fl uctuations have both a linear and a quadratic term in v/Q .

Consider the Q part of v 1 with 0 = 6 3 0 ’

Q(cos~~cos as ’ — s i n i s i na ’)

Q cos as ’ = ~ [1 - a s 2 sln ”(~ - ~)~~ /2~ ’ j to second order

= COS~ 0

Q sin s ’ = 0 to second order

We see that althbugh Q and a ’ are correlated it is at such high order
that we may ignore it.

v2 
= Q [ cos(n/3 +fl cos a ’ - sin(it/3 +~)sin a ’ 1 [1- 0.328(~ + a ’)]

+ f(w)

v2 = ~ cos (n/3+~ ) cos~~ (1- 0.328w)
- Qsin (n/3+fl - 0.328 o~~~~~ + o(~~/?) )

but the second term is 0.0001 ?~which is negligibl e so we get the correct
and ~ even if as is fluctuating. In solving for w, ~~~~ ~,

A and B are the same as if as were fixed but as ‘3 changes , v ., - (~ ,/~1 )v 1
will contain extra fluctuations . Consider first the part involving Q

v 1 = Q( cos~~cos as ’ -s in~~s i na ’)

v 2 = Q (cos(II/3+~ ) co s a ’ —sin( ii / 3+ s ) sin~~}{1-O.328(~ +a ’)}

v., — (~~/~ 1 )v~ = Q{cos(n/3 +~) cos a ’ - (—0.328 6 ’ )
- sin(n/3 +~ )sin a ’ (1-0.328(~~+a ’))
4 v ,/v 1 s i n6  sin 0 ’ - 0.001)

Now this is to be correlated wi th u or q but they are unrelated to 6 ’

to second order. The largest term (other than the -O.001 u2 associated
with neglecting the ~Irj in 

~~~
,) which will be added to uw is

0.328 sin (u/3 +~ ) 
0,2 . U 2 . 10~’~~~which is completely negli gible. The

fluctuations in w are of order • 0.04 Q for a 10° and = 1°

which are not so small but the average effect is very small. Likewise ,
there will be a variation in the calculated w involving w a ’ and w~ ’ ‘

terms but these wil l  also have a completely negligible effect on the
calculated i~ .
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Non-cosine response of the v 1 propeller

Up to about 10° the dev i ation from cosine response is undetectabl e wi thin
experimental error. With ~a S l  < 5° the angle of attack stays wi thin 10°
almost all the t ime. However , with larger tilt errors of 10- 15° the
effect may be of importance. From Fig. A.2 near 0 = 15°, ~~‘ = 1 -0.0380

wi th 0 in radians , is a possibl e fit and v 1 will be

v 1 = (Qcosas+wsino )(1-0.038 16 - w/Qj)

Suppose this relat~on holds even when a = 0 and consider the situation

when as = 0

v 1 
= Q-0.0381w1

Now w is approximately Gaussian , so T~T ~
‘w”~ 

0.06 ~/V~ and

v 1 = 0.999 
~~~

. 

~2’~1 is now 0.5015 and as calculated is -0.08°. The
effect on A and B is about 0.1% which can be ignored . w calculated
is w-O .0015u+0.019 Iwl while u calculated is u+0.0015w-0.038 wi
and ~i calcula ted i s ~~~~~~~

- .0O15(~~ -~~
) - .0007 ~~~ since w~

2 = w~,
= 0 and ~T] i s sma ll and assume d zero. The error in 

~~ 
is

about 0.8% and the error in CD = ÷ 1%. If ~a s I is larger than 10° or so
then jas - w/Q J is 6 - w/Q for as > 0 and - aS + w/Q for a < 0. There is
rather more w in v 1 than included in the formu l ae given earlier and
it may cause fairly l arge errors.

Consider a = 10°, then taking

(Qcos as +wsin as ) (1—0.038(as-w/Q))

= ~~cos a ( 1 - 0 . 0 3 8 a s ) + 0 . 0 3 8 s i n a s~~ /~
The second term is 2x10 5 

~~and may be ignored . ~ = ~ cos axO.0 . 9 93
and is 0.7% smaller than if the possible non-cosine effect is ignored .

is larger and a calculated is 9.89° . The error in B is about
0.1% and in A even less. v2 - (~2/~1 )v 1 i s as ca l cula ted i n the s impler
formula except for the extra w term which is -0.012w and the calculated
w is 1.2% too small. u as calculated is 0.993u+ 0.04w and ~ calculated

.
is (O.938w-0.OOlu)(0.993u+0.04 w)= 0.981uw - .001 u2 +0.04 w2, or about
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10% too smal in size; CD is 9% too small.

When a = - 10°, ~a - w/Q~ = 10° + w/Q ~ is 0.993~~cos a as for a = +10°.

‘ a 
In v2 - ~~ 

- ‘
~1 )v 1 the extra term is +0.026w. a calculated is -10.38°

making B 0.4% too large, so the net effect is that-w is 2.2% too large.
u as calculated is 0.993 u - .030 w. as calculated is (1.022w - .OO lu)
(0.993 u - .030w) which is about 9% too large; C0 is about 10% too
l arge.

From the experimental data it is difficult to determine how important this
possible error may be. For small ~a I , say less than 2°, not only is the
deviation from cosine response likel y to be smaller , but also the contri-
bution from the extra w term in v tends to cancel as it does when
a = 0 where it is a Iw i term. If one has a large body of data then one
can look for systematic differences between as = 0, a 4 -5 °  and— aS 4-5° 1 ’
in the data set and we shal l attempt to do so in the analysis of the data we
have obtained . Some further wind tunnel work would probably be helpful
too in the range 0 = 0 to ± 20°.

The importance of the quadratic term

It is a fairly simple matter to solve for Wq. However , if the linear
approximation is adequate, operations could be done on the Fourier coeffi-
cients of v 1 and v2 which have to be found to correct for instrument
response and then inverse transformed to calculate W

q

wt 
= w + aw2, where a A/(BQ cosa)

wL
2 = w2 + 2aw 3 + a 2w~

Put Q = t J + u

= w2+ [2A/(B cosasEj)][w3 - uw3/iJ]+(A/(Bcosó))2 w4/U2

w3 will be small compared to q
~~~

3 and w~~a~ ~ U
b7~ 

A/Bcos a is 0.33
to 0.22 for as = +10 to -10°. The w3 term ‘a~. 2/3 (a /if) - (~~2) (~ T/(, 3)

a
~
/ff
~ 

0.06 and w3/o will certainly be less than 1/10 . .  the w3 term

< 0.004 ~ and can be neglected . Even if u and w3 are perfectly correlated

_ _  _ _ _ _ _ _ _ _ _ _ _ _  _ _  - -~~~~~~~~~~~~~ 
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the i~
’
~~ term < 0.004w2 . The w~ term < 0.0004w2. Thus , w~2 =  w2

with less than 1% error. The spectra of the two should also be simi l ar
except perhaps where the w spectrum is very small.

Cons ider ut = v 1/cos~~-w~ tana- (tf+ (v 2/2~i))
= u - A/(B cos 6).tan aS.(w2/U) El - u/U] + higher order terms

uQ
2 = u2 -(2A tanaS )/(E3cosas ) (uw 2/ U) + higher order terms

For 1 6 1  < 10° the second term is ~ 0.005 t~~even if u and w2 are
perfectly correlated . Thus u~ is a good approximation for u.

Finally, cons ider
= (w+Q\/(Bcosa)~ (w 2/Q)) (u_ ~ A tana)/(Bcos as Q)~w2)

= 1i~ +~~/(Bcos a)) [uw2/Q - ~ tan a)/~f

The largest error term i s A/( Bcos~ ~~~~~~ For perfect correlation this
term would be about 7% of ~t~ I but the correlation will be much less than
1 so the error is probably negligible. - 

‘ 

*

At present we are calcula ti ng Wq not w~ but we plan to compare results
from calculations using both with real data to check that the use of w~

— is adequate as ‘it appears to be.

Because of slope errors about 20% of the (A/l3 cosaS)(w2/Q) term may be left
in even when we calcul ate Wq but as the effect of the whole term is small
leaving in 20% of it can be i gnored .

. 
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