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FOREWORD

The Quarterly Bulletin is designed primarily for the information of Canadian
industry , Universities , and Government Departments and agencies . It provides a regular
review of the interests and current a’~tivities of two Divisions of the National Research
Council of Canada:

The Division of Mechanical Engineering
The National Aeronautical Establishment

Some of the work of the two Divisions comprises classified projects that may
not be freely reported and contractual projects of limited general interest. Other work , not
generally reported herein , includes calibrations , routine analysis and the testing of proprietary
products.

Comments or enquiries relating to any matter published in this Bulletin should
be addressed to: DME/NAE Bulletin, Na tional Research Council of Canada , Ottawa , Ontario ,
K I A  0R6 , mentioning the number of the Bulletin.
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AV4NT-PROPOS

Le Bulletin Trimestriel est conçu en premier lieu pour l’information de
l’lndustrie Canadienne , des Universités, des Agences et des Départements Gouvernementaux.
II fournit une revue régulière des intérks et des activités actuelles aux quels se consacrent
deux Divisions du Conseit National de Recherches du Canada:

Division de Genie Mécanique
Etablissement Aéronautique National

Quelques uns des travaux des deux Divisions comprennent des projet s classi-
ties qu’on ne peut pas rapporter librement et des projets contractuels d’un intér~t général
limité. D’autres travaux , non rapportés ci-après dans l’ensemble , incluent des étalonnages ,
des analyses de routine , et l’essai de produits de spécialité.

Veuillez adresser tout commentaire et toute question ayant rapport a un suj et
quelconque publié dans ce Bulletin a: DME/NAE Bulletin, Conseil Notional de Recherches
du Canada , Ottawa , Ontario , K1A 0R6, en faisant mention du numéro du Bulletin.
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THE AIRBORNE BY CONCENTRATION OF FALLING SNOW

J.R. Stallabrass

low Temperature Laboratory

Division of Mechanical Engineering

SUMMARY

The need for a greater knowledge of the mass concentration of snow in the atmosphere
became apparent as the result of engine malfunctions in helicopters and resulted in the initiation of a
programme designed to derive statistical snow concentration data for use in engineering design ap-
plications.

The results of five winters of data gathering at Ottawa are presented and indicate a 50%
probability of exceeding a mass concentration of 0.15g/m 3 , a 10% probability of exceeding 0.6g/m 3
and a 1% probability that the concentration will exceed 1 .2g/m 3 . The measurements also show that
the snow mass concentration may be estimated from the visibility to within a factor of about 2 by
the relation :

Concentration (g/m 3 ) 1900 (Visibility (rn)) ’ 2 7

A back-scattering visibilty meter (the Videograph) was shown to be a useful instrument for
estimating snow concentration.

1.0 INTRODUCTION

Until recently there appears to have been little practical need for information on the mass
concentration of snow in the atmosphere, at least at heights greater than that to which blowing snow
occurs. In particular, aircraft flight through snow has presented few problems because the dry snow
crystals did not adhere to the surfaces on which they impinged . However , in recent years, malfunc-
tions of the gas turbine engines of certain helicopters have occurred as a result of snow accumulations
in the engine intakes, usually as a result of stray engine heat within the intakes melting the snow just
su fficientiy to make it adhere ; the subsequent release of these snow accumulations into the engine
can have serious consequences. As a result a need exists for a statistical quantitative knowledge of the
snow mass content of the air to allow the meaningful design , testing and qualification of aircraft
engine in take systems.

Further, such knowledge of snow concentration finds application where it is necessary to
know the snow mass flux under circumstances where the horizontal component of the flux is sig-
nificant relative to the vertical flux , whether that horizontal flux is due to movement of an object
(such as a surface or air vehicle), the induction of air and snow into an air intake system (such as
that of a stationary gas turbine installation), or as a result of wind action (such as the accumulation
of wet snow on transmission lines or communication antennae).

The vertical flux is given by the precipitation rate, data for which is based on, at best, an
hourly average , but more usually a 6-hourly average. The mass concentration can , in theory, be derived
from the precipitation rate but requires a knowledge of the fall velocities of the spectrum of snow —particles comprising the snowfall. Unlike rain , where the terminal velocity of a drop is a known
function of its size (Ref. 1) and where the drop size spectrum is reasonably correlated with rainfal l
rate (Refs . 2 and 3) so that liquid water content may be derived with reasonable confidence from the
precipitation rate, the derivation of snow concentration from snowfall rate is unreliable because of
the dependence of the terminal velocities of the snow particles not only on their size but also on 
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their form ( Refs . 4 , 5 and 6), their degree of aggregation into flakes , and their liquid water content
in the case of wet snow. In addition the size spectrum is usually unknown and not necessarily related
to snowfall rate.

Thus an independent and direct means of measuring snow mass concentrations was required
to derive reliable snow mass concentration probability statistics. This report presents a tentative con-
centratio~ probability distribution based on measurements made in the Ottawa area over a period of
five years, and thus extends the preliminary data presented in Reference 11. Since the method of
measurement used does not lend itself readily to routine measurements, the relationships between the
concentration measurements and observed visibility and between the concentration and the output
of a back-scatter visibility meter (Videograph) are given , so that concentration may be estimated
either from the routinely recorded parameter of visibility, or if a Videograph visibility meter is avail-
able, from its output.

2.0 EXISTING SNOW MEASUREMENT DATA

2.1 Snow Intensity and Visibility

In present observing practice , snow intensity is normally defined in terms of visibility as
presented in Table I below:

TABLE I

DEFINITION OF SNOW INTENSITY AS RELATED TO VISIBILITY (REF. 7)

Snow Intensity Visibility

light (S—) 5/8 statute mile or more
moderate (S) reduced to 1/2 or 3/8 mile.
heavy (S+) reduced to 1/4 , 1/8 or 0 mile.

This definition of snow intensity, apart fro m being somewhat arbitrary , is of a qualitative
natu re only and has no basis in terms of either snow accumulation rate or snow concentration in the
atmosphere. It has the advantage that in arriving at an estimate of snow intensity it employs the
regularly measured or estimated variable of visibility.

2.2 Snow Accumulation Rate and Intensity

Using the above definition of snow intensity, Wasserman and Monte (Ref. 8), using 20 years
of snow depth data for LaGuardia Field , New York City, derived the relation between average hourly
snowfal l and snow intensity presented in Table II:

TABLE II

AVERAGE HOURLY SNOWFALL (INCHES PER HOUR) VS. SNOW INTENSITY
(Data for LaGuardia Field , New York City, Dec. 1949 through Mar. 1969)( Ref. 8)

Snow Intensity Average Hourly Snowfall

l ight (8—) 0.2 0 — 0.45
moderate (8) 1.0 0.5— 1.4
heavy (8+) 1.6 > 1.4

This is a much more meaningful interpretation of snow intensity since it relates the degree
of intensity to an actual quantitative measure of the snowfall itself.
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2.3 Snow Accumulation Rate and Visibility

By combining Tables I and II a tentative relation between visibility and snowfall rate may be
deduced. This relation agrees with that derived by Richards (Ref. 9) for ligh t snow intensity, but for
heavy intensity suggests hourly accumulation rates approximately double those of Richards ’ curve
which was based on twelve years of data from 1941 to 1952 for Toronto International Airport . This
data has been re-analysed on the assumption that a linear relationship exists between the logarithms
of visibility and snow accumulation rate , resulting in the following best f i t  relation:

Log 10 V = —0.419 — 0.607 Log10 R

where R is Visibility in statute miles, and R is Snow Accumulation Rate in inches/hour.

This relation is shown in Figure 1. Comparing Table H with Figure 1, no discrepancy is
seen to exist between the data of Richards and that of Wasserman and Monte.

2.4 Snow Mass Concentration

As already indicated , no body of data already exists pertaining to the mass concentration of
snow in the air. It might be supposed that intensity and concentration are synonomous; however,
intensity, being a subjective qualitative assessment, lends no clue to the quantitative measure of mass
concentration.

It seems reasonable to suppose that neither the accumulation rate nor the visibility by
itself is likely to be a particularly reliable indicator of snow concentration unless the prevailing snow
crystal type and size are known . A knowledge of the terminal velocity of the particles and the density
of the snow cover is necessary if accumulation rate is to be used , wh i le the use of visibili ty which
depends on the scattering of light from the snow particles (and fro m dust , smoke , aerosol , etc.)
requires a knowledge of the scattering characteristics of ice crystal s which in turn also depends on
their size and type as well as their orientation.

Thus it appeais that , initially at least, data on snow concentration must depend on the
actual measurement of this parameter. It may then be determined , by correlation with other meteor-
ological measurements, whether concentration data can reliably be deduced from any of these other
parameters, either alone or in combination.

3.0 METHOD OF SNOW CONCENTRATION MEASUREMENT

The basic approac h used to measure snow concentration was to sample a known volume of
the atmosphere and to separate from it the snow for measurement of its mass. The apparatus (Fig. 14)
consisted of a sampling device mounted at the end of an arm rotating in a horizontal plane at suffi-
cient height above the surrounding surface as to be unaffected by blowing snow.

The type of sampling device used for the bulk of the data was a cyclone separator ( Fig. 15)
mounted with its axis aligned with the radial arm. Flow through the device ensured high catch effi-
ciency while both cyclone and centrifugal action ensured efficient separation of the snow from the
air with little chance of particle re-entrainment in the exhausting air. The separated snow was retained
in the device and weighed after a given collection period (in the order of 2 to 6 minute s depending
largely on intensity), so giving a measure of the average concentration during that period . A mecha-
nical shutter was used to close the cyclone entry when not sampling.

3.1 Associated Measurements 
—

The snow concentration measurements alone are useful in providing statistical data suitable
for establishing design and test criteria applicable to aircraft (and other) apparatus sensitive to snow
encounters. However , a.s already indicated , it is desirable to correlate the snow content measurements
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with other relevant meteorological parameters recorded simultaneously, so that a means may be
found for determining the snow concentration from some combination of these more easily meas-
ured parameters.

The following associated measurements were therefore made adjacent to the snow sampling
site:

1. Air temperature
2. Dew point (relative humidity)
3. Wind speed and direction
4. Snow crystal type and estimate of size
5. Observed visibility
6. Output of a Videograph visibility meter*
7. Precipitation rate (water equivalent).

The heated precipitation gauge proved unreliable in its original form , and only after con-
siderable development did it provide a few readings of precipitation rate that could be compared with
concentration and visibility measurements.

Snow crystal type was observed by allowing a number of crystals or flakes to fall onto a
velvet covered board . This snow crystal classification scheme of Magono and Lee ( Ref. 10) was used in
recording crystal type. However , for the purposes of correlating the data, many of these types were
grouped together reducing the number of individual categories to 9, as follows :

TYPE DESIGNATION DESCRIPTION MAGONO AND LEE
CATEGORY CLASSIFICATION

1 P Plates and Broad Branched Crystals Pla , Pib , Plc, P’la

2 D Dendntic and Stellar Crystals Pid , Pie , Pif , P2a, P2b ,
P2c , P2d , P7b , CP1b

3 RD Rimed Plates and Dendrites Ric , Rid , R2a , R2b

4 G Graupel R3b , i~3c, R4a , R4b , R4c

5 N Needles, etc. Nia, Nil Nic , Nid , Nie ,
N2a , N2b , N2c

6 RN Rimed Needles Ria , Rib

7 C Columns, Bullets, etc. Cib , Cic , Cid , Cle, Cif ,
C2a, C2b , CP1a, CP2a

8 S Multiple Capped Columns, Side CPic , Si , S2, S3
Plane Assemblages, etc.

9 I Miscellaneous, including Broken 11, 12 , 13a, I3b, 14
Crystals, etc.

In most cases a variety of crystal types co-existed, but one type usually predominated ; the
snowfall was then categorized according to the predominant type. Where it was impossible to assign a
predominan t type, the sample was included in the miscellaneous (I) type.

A hack-scatter metCi developed by Dr. 1. 1-ruengel of Germany and presently manufactured in Canada by Sperry Gyro-
scope Ottawa Division. 

~~~~~~~~ ~‘-~ ‘ ~~ ~-~~~IJT1N~ lU ~~~~ l~~ -%~ ecz-~. 5~ ~~,
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4.0 ANALYSIS OF MEASUREMENTS

Because certain of the measurements were manual , requiring the agency of a human ob-
server working normal working hours , only about 20% of the actual snowfall during the fiv e winters
was sampled . However , there is no reason to believe that this 20% did not constitute a reasonably
random sample.

4.1 Probability Distribution of Snow Concentration

Figure 2 presents the frequency and probability distribution of 666 concentration meas-
urements. It demonstrates that there is a 50% probability that during a snowfall the mass concentra-
tion will exceed 0.15g/m~ , a 10% probability of the concentration exceeding 0.6g/m 3 , and that 1%
of the time the concentration may exceed about 1 .2g/m 3 .

4.2 Correlation Between Concentration and Visibility

Regression analysis techniques were applied to the snow concentration and the other
measured quantities, but the only relations showing significant correlation were those between mass
concen tration , visibility , and Videograph output. The relation between concentration and visibility
is shown in Figu re 3 for snow of all types. As is to be expected fro m physical reasoning (Ref. ii),
this relationship conforms to a log-log relationship. The regression curve of the logarithm of the
concentration as a function of the logarithm of the visibility is also shown . Its equation is:-

Log10 C = 3.277 — 1.272 Log10 V

where C is in g/m 3 , and V is in metres.

Table ill presents the regression results for each m d  vidual snow type, for all types com-
bined , and for two groupings of snow types that appear to have similar regression equations. These
groupings are of types 1, 7 and 8 (i.e. plates and broad branched crystals, columns and bullets, and
side plane assemblages, etc.) and of all the rimed types (i.e. types 3, 4 and 6). (Type 9 (miscellaneous)
matched the rimed types almost exactly but is not shown combined for consistency ’s sake.) The
other two snow types did not combine well with any other type, although type 5 (needles) has insuf-
ficient data points (6 only) to be certain that its characteristic differs so markedly from those of the
other types. The regression equati’ ”s for the two groupings (and here for clarity the rimed and mis-
cellaneous types are combined), t~e two nonconforming types, and for all types combined are
illustrated in Figure 4.

An attempt to take relative humidity into multiple regression with visibility and concentra-
tion was not successful since it proved not to be an independent variable , but to be influenced by
snow concentration. It had been thought that by taking humidity into regression that the effect of
haze on the visibility observation would be largely accounted for. However , it seems likely that haze
forming particles will be scoured by higher intensity snowfalls , which incidentally result in higher
h um idi ties , so that haze effects are only likely to be eivdent at lower snow concentrations. This
would seem to be born e out by the greater degree of scatter evident at lower concentrations in
Figure 3.

Except for some cases of minute ice crystals (< 0.5 mm) no systematic effect due to crystal
size was observed. It is likely that any effect due to size was masked by uncertainties in measurement,
particularly those due to directional (i.e. spatial) and temporal variations in concentration and
visibility during the sample.

4.3 Correlation Between Concentration and Videograph Output

All data points relating snow concentration to the output of the Videograph visibility
meter are shown in Figure 5. Several functional relationships between the concentration and the
Videograph output were attempted in the regression analysis, and of these the one giving the highest 

— - — . .- - .

- -
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correlation coefficient and the lowest standard error of t h e  estimate was found to be a log-log rela-
tionship. The resulting regression equation is:-

Log1 C’ = 0.252 + 4.263 Log ~~, Vg

where C is in g/ m3 , and Vg is the Videograph output in mA. This is shown plotted in Figure 5.

Fable IV presents the regression results for all the data points and for those of each indi-
vid ual snow type. Unlike the visibility results , there is little differentiation between the various snow
types with the possible exception of type 1 (i.e. plates) . Although the regression equation for snow
type 4 ( graupel) differs appreciably from those of the other snow types , the data points mesh moder-
ately well with the other rimed types and so this type has not been treated separately. Accordin gly,
Table IV also presents the regression results for the two groupings of snow types , viz , types 2, 5, 7 ,
8 and 9 (all the unrimed types except plates), and types 3, 4 and 6 (the timed types ) . The regression
equation curves for these two groups do not differ significantly from that for all the snow types
com bined -

4. -I Correlation Between Observed Visibility and Videograph Output

The data collected also permitted calibration of the Videograph output in terms of ob-
served visibility under conditions of falling snow. Data for all snow types are presented in Figure 6.
Of various functional relationships attempted , the one fitting best the data points was the log/ linear
equation: -

Log 10 v = 4.6 15—2.420 Vg

This equation , however , tends to underestimate the visibility at low output currents , whi le
the log /log regression relationshi p (which fitted the data onl y slightl y less well) rather seriously
overestimates the visibility at high Videograph readings (i.e. the more critical low visibility end of the
visibility range). Hence the log/ linear relation above is considered to provide the better calibration.

Table V presents the linear regression results for Log. Visibility against Videograp h Outpu t .
Again two groupings of snow types having reasonably consistent sets of data hav e been subjected to
regression analysis. These are all the u n rimed types with the exception of need les, and the two rimed
types (i.e. 3 and 6) excluding graupe l (type 4).

4.5 Concentration and Temperature

In Figu re 7 the temperature dependence of the concentration is shown in the form of a
scatter plot. No discernible relationship between maximum snow concentration and temperature is
seen to exist. However , over one half of the data points (and hence half of the time that snow occurs )
are within the temperature range 0 to — 8°C. The highest concentrations measured occurred with a
temperature between — 10 and — 12 C; however , considerable filling in of the diagram is expected as
more data is collected .

Figu re 7 includes 19 c ases of wet snow (i.e. temperature > 0°C) that were not included in
the regression analysis of concentration and visibility because the presence of liquid water in the
snow flake matrix placed the point well outside the main body of points on the concentration vs.
visibility plot. In many cases the degree of melting was such that the crystal type could not he
discerned.

4.6 Concentra tion and Precipitation Rate

A few results were obtained from the heated precip itation gauge during the last winter
covered by this report . These are shown in Figu re 8 plotted against both snow concentration and
visibility. The th ree readings of 0.39 mm/hr.  were with snow type 8, whilst the remainder were
obtained during a snowfall of miscellaneous type (type 9). Because of the scarcity of points and the
rather large amount of scatter, little weight should be afforded the least squares relationships shown
in Figure 8.

V



- 7 -

5.0 l)IS(’( SSION

5.1 Probability I)istrihut ion

The freq uency and probability s t a t i s tu - s  of snow mass concentrat ion close to ground level are
presented in Figu re 2. Although the measurements were made a few feet above the ground , it is not
con sltler e( l that the statistics of the measu red values of mass concentration will  vary greatl y between
ground level and the (-loud base .

This di stribution applies to the Ottawa region over the f iv e  wint ers 41971-75) of measure-
ments. A smoothing of the dist r ibution curve is to be expected as the  sampling period incre ases. It
might also be expected that the distribution will d iffer with location , for example it might he ex-
perted to he biassed toward higher concentrations in coastal regions and in areas in the lee of the
Great Lakes , and to lower concentrations in colder sub-arctic and arctic regions. The correlation of
snow concentratio n with other parameters such as visibili ty should p ermit the derivation of snow
concentrat ion distributions from existing meteorologi cal records for any desired station. However ,
unti l  statistical data for other regions can he amassed , it is suggested that the data fo r Ottawa is
typical of man y regions of Canada and the United States with the possible exception of those areas
mentioned above .

3 2 Snow Concentration and Visibility

It seems evident from the results presented in Table III  and Figures 3 and 1 that the differing
light scattering characteristics of different ice crystal types do have an effect on the visual range as
might he expected . However , other modi fying influ ences , as yet not positively identifi ed and isolated ,
appear to he as sign ificant as the crystal form in causing variation in the observed visibility fo r a given
snow m ass concentration.

A marked diffe rence in the concentration-visibility relationship between unrimed and rimed
snow of the same type (cf. types 2 and 3) is evident. Two factors are probabl y operative , the added
mass relative to the crystal dimensions resulting from the accreted rime , and the modi f ication of
the basic ’ hexagonal form of the crystal and the resulting effect on scattering characteristics. In spite
of this , the degree of riming (i.e. f rom snow crystals with a few frozen droplets to graupel) did not
appear to have any consistent effect.

Rather surprising is the consistency evident between the widely differing crystal types 1
(p lates), 7 (columns) and 8 (side plane assemblages). The large scatter (as evidenced by the value of
the standard error of the estimate) in the dendritic crystal type (typ e 2 ) is thought to arise l argely
from unreliable visibility estimates during snow fl u rry conditions.

I n none of the correlations was there any marked indication that the aggregation of indi-
vidual snow crystal s into snowfl akes had any consistent effect , altho u gh it is possible that the
generally poorer correlation exhibited by the stellar and dendr iti c type crystals (the type most
commonly fo rming flakes) may have resulted in part from this cause.

It is perhaps not surprising that the miscellaneous category (type 9) exhibited such a high
standard error of estimate in view of the portmanteau nature of this category .

If the snow type is not known , the regression results suggest that the mass concentration may
he estimated from the observed visibility to within a factor of about 2.2 by the relation:

= 3.278 -- 1 .272 Log 10 V

I however , i f the snow type can be determined , an improved estimate of the concentration may in
most cases be obtained . For example , if the snow type is identified as columnar (type 7) the con-
i-entration can he estimated with 9Fi ’ confidence to within a factor of 1.85 by the relation :

Log111 C 3.673 - 1.4 lO Log 10V

V

ad ______
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In this case, if the visibility were 1000 metres, the equation predicts a most likely snow concentration
of 0.28g/m 3 , while the standard error suggests that it almost certainly will lie between the values 0.15
and 0.5 1g/m 3 .

5.3 Snow Concentration and Videograph Outpu t

From the results presented in Table IV it is obvious that in the relation between m ass con-
cen tration and Videograph output the snow type has less sign ificance than when observed visibilit y
is used to predict the concentration. One might conjecture , for example , that in the case of graupel
the re is an increase in the back-scatter relative to unrimed crystals while at the same time the density
of the particle is correspondingly greater with the result that the mass/hack-scatter ratio is sub-
stantially the same.

Also noticeable in Table IV is how well the miscellaneous snow category (type 9) correlates
with the Videograph reading. This rather defies ex planation !

The data points for snow type 5 (needles) lie below the mean calibration line for the
remaining unrimed crystal forms, suggesting that the back-scatter fro m needles is lower than for the
other type. This accords with Reference 12 which suggests that back-scattering from randomly
oriented ice needles and columns is small , while plates and irregular types of crystals hav e strong
back-scattering returns. It might , however , be argued that plates, in particular , are not randomly
oriented but tend to fall essentially flat so that only their edges are presented to the Videograph beam ,
thus resulting in low back-scatter relative to their overall size. This may in fact explain wh y plate type
crystals (type 1) generally demonstrated a lower Videograph output for a given mass concentration
than other snow types (Section 4.3 and Table IV) .

Conversely, rimed snow types demonstrated on the average somewhat greater back-
scattering than unrimed crystals, while for graupel the Videograph output was generally slightly
greater still for a given observed visibility.

The regression equation for all snow types, Logs 0 C = 0.252 + 4.263 Log1 0 Vg, demon-
strates a slightly,  but not very sign ificantly, lower standard error in its estimate of concentration than
the equation relating observed visibility to concentration. This would seem to be due mainly to the
lower scatter evident at low snow concentrations (cf. Figs. 3 and 5).

Nevertheless , in spite of the possible factor of 2 error in its estimate, it is evident that the
Videograph visibility meter is a useful device for estimating snow concentration. In deriving statistical
distributions of snow concentration these errors will largely cancel out with a sufficient number of
data poin ts.

Close scrutiny of Figure 5 suggests that the regression equation Log1 0 C = 0.252 + 4.263
Log1 0 Vg somewhat- overestimates low snow concentrations and generally underestimates high con-
centrations. To try to adjust for this , the regression equation using concentration as the independent
variable and Videograph output as the dependent variable was computed . An average of the two
regression equ ations resulted in the relation:

Log1 0 C = 0.337 + 4.614 Log1 0 Vg

This equation has been used to compute the snow concentration from the recorded Video-
graph output readings for a number of snow storms showing a fairly wide range of intensities. The
results are shown in Figures 9, 10, 11, 12 and 13. The short horizontal bars in these figures show the
actu al measured snow concentration and the period over which the measurement was made. The
Videograph output was recorded each minute except for certain periods when the observer was not on
duty at these times a 10-minute sampling interval was used . Because of the discrete sampling of
this quantity, certain peaks and troughs will have been lost; however , the relatively short duration of
such extremes and the relativel y long response time (about 15 seconds) of the instrument to a step
change in back-scatter result in very little significan t information being lost by the one-minute sam-
pling interv al , and comparisons with the measured concentrations (which are averages over several
minutes ) should be reasonably valid.

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~-- .-~~‘
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Indeed , Figu res 9 to 13 demonstrate generally good predi ct ion of snow concentration even
when fairly rapid changes in concentration are occurring.

5.4 Observed Visibility and Videograph Output

The data presented in Figure 6 allow a calibration of the Videograph in terms of visibility
for snow of undefined type. The regression equation best fitting these data was found to be:

Log 1 0 V = 4.615 2.420 Vg

which estimates the visibility to within a factor of about 2. With the exception of graupe l and the
m iscellaneous snow category, improved estimates of vtsibilLt y may be obtained if the snow type is
known , or even if it can be determined whether the snow is timed or unrimed , as Table V indicates .

In the Videograph calibration experiment conducted by the Atmospheric Environment
Service (Ref. 13) a similar linear relationship between the Videograph output and the logarithm of
visibility was obtained in snow (Graph 3), but with progressive deviation from linearity for visibilities
greater than about 3 miles (5000 metres) in a similar manner to the present results. Direct comparison
of the two sets of results is complicated by the fact that the instruments involved u sed different
basic calib rations; however , if a simple transformation is app lied to the Videograph output (Vg) from
the present results as follows:

Vg* = 1.23 ( Vg — .16)

where Vg* is the transformed output , close correspondence between the AES and NRC results is
found to exist.

5.5 Snow Concentration and Temperature

The lack of any definite relationship between the measured air temperature and snow
concentration is not unexpected since the temperature at ground level may bear little relationship
to that at those levels at which formation and growth of the snow crystals took place. The great
v ariation of crystal types falling concurrently on many occasions, the frequent complex crystals
forms, and the occurrence of riming all attest to the variations in temperature and saturation of the
air encountered by the snow particles during their lifetime. The only certain things that can be said
with regard to temperature are that wet snow occurs at 0°C and above, and that the higher the temper-
ature, the greater is the tendency for snow crystals to aggregate to form snowflakes.

5.6 General

An automatic snow sampler has been constructed in which the collected snow is melted
and allowed to flow dropwise through a hypodermic needle under the influence of the centrifugal
acceleration. The droplet flow is monitored photoelectrically and the resulting pulses counted over a
given time period to obtain the snow concentration . Calibration of the device against the existing
“manual ” sampler is currently underway and indications are that the device underestimates the snow
concentration by a factor of about 1.2 when a theoretical calibration based on the data of Harkins and
Brown (Ref. 14) is used.

This underestimation may result from a number of causes, the most probable being:-
(a) evaporation : this would be particularly significan t at low concentrations; (b) incomplete separa-
tion: because of heating req u irements , the design of this sampler is considerably simpler than that of
the cyclone separator used for manu al measurements, and consequently separation of smaller snow
particles from the air may not be as efficient; (c) production of small satellite drops: under the high
centrifugal acceleration (approx. 40 g.) conditions of drop formation , it is possible that drop forma- —
tion may not be as consistent as under static ( 1 g.) conditions , and small satellite drops may be
produced that are not detected by the photo-detector. This is thought to be more likely to occur at
low concentrations when the droplet-fo rming needle may not receive a continuous supply of water.

V
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When calibration is complete , this automatic sampler will provide not only continuous con-
centration histories of all snowfall events at its location , but also, because its sampling period is
shorter (about 1 minute), more fine detail of these events than is possible with the manual method .

6.0 CONCLUSIONS

The results of statistical analysis on the measurements of snow mass concentration over a
5-winter period suggest , at least for the Ottawa region , a modal mass concentration of about 0.2g/m 3,
although the frequency of occurrence is relatively constant for all concentrations from about 0.06g1
m-~ to about 0.6g/m 3 . The median concentration is shown to be about 0.15g/m 3 , and the maximum
concentration approaches 2.Og/m 3

The measurements also show that snow mass concentration may be estimated from the
visibility to within a factor of about 2 by the relation:

- . - . -1 .27Concentration 1900 (Visibility)

If the particular snow type is known , generally better estimates of concentration can be
obtained.

Use of the Videograph visibility meter has shown it to be a useful instrument for estimating
snow concentration. By appropriately scaling the read-out meter , a direct indication of concentration
could be obtained, with about the same degree of accuracy as that obtained from observed visibility.
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K R. Looper

l~n, Speed Aerod ynamics

\ at ional Aeronautical Establish m ent

ABSTR ACT

An investigation of the aerodynamic drag of trucks and the drag reductions possible through
the use of commercially available add-on devices was made on three 1:10 scale models in the National
Aeronautical Establishment’s 6-ft . X 9-ft. working section wind tunnel. A series of tests were also
performed to determine the effect of trailer modifications which could be implemented by the trailer
manufacturer. Both the use of add-o n devices and trailer modifications produced drag reductions
which could provide fuel savings of up to 10 percent for a tractor-trailer and 18 percent for a straigh t
truck at 55 mph.

1.0 IN’l’l {OI)L CTI()N

A range of products is currently available to truck operators (Ref. 1) to reduce the aero-
dynamic drag of a truck and SO improve fuel consumption. These devices are not usually provided
by the man u fact urer , but are “add-ons ” purchased later by the owner. The devices fall into two basic
categories -- cab mounted deflectors , and additions to a trailer or box to provide the effect of corner
rounding.

The wind tunnel test program (Refs . 2, 3) was initiated at the National Research Council at
the request of Canadian Pacific Transport Ltd . who desired some impartial , controlled test informa-
tion which would assist in the selection of aerodynamic drag reducing equipment for their fleet. Since
the most recently published information concerning the general aerodynamics of trucks was published
more than twenty years ago (Refs . 4 , 5, 6) a general study of truck and trailer aerodynamic was
incorporated into the program .

2.0 TES’I’ PRO( I RAM

Three detailed 1:10 scale model trucks were tested in the 6-ft. X 9-ft. wind tunnel of the
Low Speed Aerodynamics Laboratory . The tractor models and the straigh t truck model were original-
ly funded by the N ationaJ Science Foundation (U SA ) and were provided by Dr. Jeffrey Kirsch of
Systems, Science and Software , La Jolla , California. The trailer model was made in one of NRC ’s
shops.

The models were mounted on a separate ground plane, as shown in Figure 1, providing an
adequate simulation of a truck moving through the air and over the ground ( Ref. 7) . Details of the
wind tunn e l installation are shown in Figure 2.

Three component s of the total force and thr .-4- components of the total moment , de fini d
in Figure 3 were measured . While it may seem that only the drag is important Ifl a discussion of fuel
saving aerodynamic devices , it mu st he kept in mind that these (levicts should not cause any degrada-
tion in the tru ck’s handl i ng charactensties which are affected by the lateral forces and moments.

Details of the vehicl es tested , two tractor-trailer combination s and a straigh t truck , are
given below. Photographs of these vehicles ~tre shown in Figure 4.
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Cab-over-Engine (COE) Tractor-Trailer

White Freigbtliner WFT 8664 , 8.5-ft. X 13.5-ft. X 45-ft .Trailmobile Trailer
10-in, radii on front side posts of trailer
10.00 X 20 tires all around
Tractor-trailer separation variable from 23 in. to 83 in.
Tractor-trailer heigh t differential of 47 in.
Frontal area of 107 ft3 .

Conventional (CONV) Tractor-Trailer

11W 1800 Loadstar , 8.5-ft .X 13.5-ft. X 45-ft .Trailmobile trailer
10-in, radii on front side posts of trailer
9.00 X 20 tractor tires
10.00 X 20 trailer tires
Tractor-trailer separation variable from 23 in. to 73 in.
Tractor-trailer height differential of 70 in.
Frontal area of 103 ft~ .

Straight Truck (Unarticulated)

UIC 1600 Loadstar
8-ft .X 8-ft. X 20-ft.box van
217-in , wheelbase
131-in, height
9.00 X 20 front tires and 10.00 X 20 rear tires
Cab-box roof height differential of 51.2 in.
Frontal area of 90 ft? .

In all , eight commercially available cab and trailer mounted devices were tested , as well as
two prototype devices of considerable promise. The following list (in alphabetical order) summarizes
the devices tested and they are shown in Figures 5 to 17.

Cab Mounted Devices

Airglide air deflector
General Motors Dragfoiler air deflector (modified for use with the Freigh tliner)
Rudkin-Wiley Airshield air defl ector
Rudkin -Wiley Gap Seal (prototype , used with a deflector)
tiniroyal air defl ector
University of Maryland fairing (prototype).

Trailer Mounted Devices

Aeroboost
Nose Cone
Rud kin -Wiley Vortex Stabilizer (used with a deflec tor)
Systems Science and Software (S 3 ) Airvane.

The wind tunnel balance weighbeams have the capability of measuring applied forces or
moments, which are steady, to an accuracy of 0.2 percent. Because of the truck model’s bluffness,
the forces and momenta are not steady, especially when at large yaw angles. In order to provide better
measurements under these circumstances three data points were taken and averaged for each yaw
position. The measunng accuracy should be about 0.2 percent near zero yaw angle , increasing to 0.5
percent at 25 degrees. Thus accuracy to two decimal places should be equalled or exceeded for all
force and moment coefficients .

-
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The trailer model was provided with removable corners (Fig. 18) so that the effects of
corner radius on the front and rear side and top corners and the top longitudinal corners could be
investigated . Radii of 0 in. (square), 2 in., 6 in., 10 in., 12 in. and 18 in. were tested. Radii of 2 in.
and 10 in. are commonly found on contemporary trailers. ‘the straight truck corners were all square.

The baseline tractor-trailer measurements were made for separations of 23 in. to 83 in. full
scale in 10-in, increments. The measurements using add-on devices or corner radii were made at
33-in ., 53-in, and 73-in, separations. The separation was changed by inserting one to six spacer bloc ks
between the trailer face and the trailer body, each representing a 10-in, width full scale. The trailer
model length represented 45 ft. full scale with no spacers (83” separation simulation) and 50 ft. with
all spacers in place.

The many possible truck-device combinations were tested over a range of windspeeds to
investiga te scale effects and over a range of yaw angles (caused by side winds) of from -4 degrees to
+20 degrees in all cases and to +4Q degrees in a few special instances. This exceeds the range of
practical concern.

The aerodynamic force and moment coefficients are presented in a body ax is co-ordinate
system as shown in Figure 3 and are defined in the notation. The origin of co-ordinates is at ground
level below the fi fth wheel for the two tractor trailers and at ground level below the front of the box
for the straight truck .

The solid and wake blockage correction used is that of Maskell ( Ref. 8). This may not be a
completely satisfactory correction , but is the best currentl y available. The correction to the dynamic
pressure has the form

q~. = q (1 + 2.5 CD A/ S) lb/ ft 2 ( 1)

Typical correction factors for the baseline freightliner and the IIIC 1600 straight truck are given
below.

q(~ /q
Yaw Angle (deg)

________ 

Freightliner IHC 1600 
-

0 1.06 1.05
5 1.07 1.05

10 1.10 1.06
15 1.13 1.07

________ 

20 1.16 1.08

3.0 EFFECT OF AERODYNAMICS ON FUEL CONSUMPTION

The total drag on a truck which must be overcome by the engine can be broken down into
several main components — aerodynamic drag, due to air flow over the truck , and rolling resistance
due to rolling losses in the tires . In addition there are some smaller parasitic losses due to accessories
and friction in the drive line which can all be included in a power transfer efficiency. Grade resistance
is ignored in the following discussions as the trucks will be assumed to travel at constant speed on a
flat road .

The aerodynamic drag arises primarily from aerodynamic pressures acting on the vehicle
due to its motion through the air. Positive pressure forces on the front of the tractor and the exposed
portion of the trailer front in addition to negative , suction forces on the rear of the trailer cause
about 80 percent of the aerodynamic drag . The rest of the drag is due to flow over individual com-
ponents such as wheels, axles, etc. The aerodynamic skin friction drag of the tractor and trailer sur-
faces is negligible.
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The total engine power required is that needed to overcome rolling and aerodynamic drag
corrected by the power transfer efficiency, and is given by

1
= I I’~ + P~, lip (2

The term in parentheses on the right-hand side is the power required at the driving wheels. The factor
i~, about 0.80 to 0.85 , accounts for the parasitic losses. The ro lling power , assuming a rolling resistance
coefficient of 0.01 (10 lb of rolling drag per 1000-lb weight ) is given by

0.01 VW
= hp (3)

The aerodynamic power is given by

VD ½p  A C~ V
P = = ——-- ----——— hn (4~550 550

Vsi ng (3) and (4) in (2) gives

= .—
~
-— [o.oi wv + ~~ A CJ) V~] hp (5)

5501? -~

The power required to overcome rolling resistance is proportional to truck speed and weigh t while
that required to overcome aerodynamic drag is proportional to the cube of speed , the truck size as
represented by the frontal area , and the drag coefficient. Initia lly, at low speed , the rolli n g resistance
is the larger , hut as truck speed increases, the V 3 term predominates and the aerodynamic power is
larger. The speed at which the rolling power and aerodynamic power requirements cross over (aero-
dynamic drag greater than rolling resistance) is a function of the square root of the density of the
truck defined as the weight per unit frontal area. This speed can be computed from Equation (5) by
equating the terms in the right-hand side and solving for V to obtain

r ,  ~. , ~1½
I ~~~~~ 1~~’~~ IV. = If——il—— II ft - sec (6)
L\~ 

CI)/ \ A/J

For a given drag coefficient the cross-over s’~’~~- inc reases with (W / A )  as is shown in Figure 19.

The fuel saving provided by a given drag reduction depends on the fraction of the total
power required to satisfy the aerodynamic drag. At the cross-over speed the fractional change in fuel
consumption would be one-half the fractional drag reduction.

The fuel consumed by a truck can be estimated using the engine specific fuel consumption
and power requirements (E q. ( 5)) giving

1’ 1.467 SFC\
P 1 — —  H Imp. gal ./m. (7)

\ o V  /

Assuming a specifi c fuel consumption SFC 0.38 1b hp-hr (diesel engine) and a fuel density of
o = 8.5 lb/Imperial gallon , Equations (7) and (5), can be combined to give
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p = 1.19 
~~~ [o.oi W + ½ p A C1) V

~~ 
gal/mi (8)

The two expressions in parentheses in Equatio n (8), each multip lied by the leading term (p 0.85),
are shown in Figure 20 for th e three trucks tested at 55 mph. The truck’s characteristics are sum-
manzed in the followi ng table. The drag coefficient values are representative of those measured for
the three truck ty~’es.

T R U ( ~K TYPE W (lb) A (ft 2 ) C[) W/A (Ib/ ft 2 ) p (gal/mi)

COE Tractor-Trailer 70,000 107 0.90 680 20.8
(‘onventiona l Tractor- ’I’raile r 55,000 103 0.90 533 18.3
Straight Truck 18,000 90 0.90 200 11.8

The fuel consumed to overcome rolling resistance is constant with speed and increases with
truck v. ~ight. The fuel used to counter aerodynamic drag increases with velocity squared . Because the
product of frontal area and drag is nearl y the same for each truck type , the dominance of the aero-
dynamic fuel requirements occurs at lower speeds for the lower density trucks. The curves would
suggest that the fractional fuel savings available through aerodynamic drag reduction would be as large
fo r a pick-up-and-delivery straight truck at city speeds as for a tractor-trailer at hig hway speeds. While
the ann ual mileage of the city or highway delivery truck is much less than for the intercity t ractor-
trailers , they are far more numerous and so the overall contribution to fuel conservation would be
significa nt. At highway speeds the straight truck can save as much fuel per mile as the much larger
combination vehicles.

The incremental change in fuel consumption for a given incremental change in drag coef-
fice nt is ( from (8))

p A L ~ C1) V2
= 5.95 X 10~ -

~~~~~~ 
- gallmi (9)

17

Thus a 0.10 reduction in drag coefficient would result in a fuel saving of 1.22 X 10~
2 gal/mi at 55 mph

fo r the f reightli ner , ~r 1220 gallons for one year assuming 100,000 miles travelled annually. The fu el
saving is usually quoted in gallons per hundred miles (gphm) and this standard will be used from now
on (E q. (9) X 100).

A drag reduction can he achieved by lowering the pressures on the front of the tractor or
trailer , or h y raising the trailer ’s base pressure. All the add-on devices tested act to reduce the positive
pressures on the front of the trailer, especially the part exposed above the tractor roof.

The cab-mounted air deflectors , moderately curved plates placed on the cab roof , are all
variations on the principle originally introduced by Rud kin-Wiley with the Airshield. This device
defleds the airfl .w , which previously would have struck the front face of the trailer , smoothly onto
the roof and sides of the trailer. The front face now is exposed to lowered pressures in the wake of the
deflector , while the pressures on the inclined and curved deflector are also low. The sum of the
deflector and trailer face pressures is lower than those on the trailer without the defl ector and this —pressure reduction results in the drag reduction. Since the path of the flow separating from the
deflector is curved , adjustment must be made to the heigh t m d/or location or angle of inclination of
the deflector to cater for changes in tractor-trailer height dit~erential or separation. Some of the de-
flectors provide this variability, others do not.

__________________________-_______________________________________
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~dost of the trailer mounted devices reduce trailer front face pr(~ssures by rounding, or
effecti vely rounding some or all of the top and side corners. Others attempt to counter cross-winds
by modif ying or blocking flows across the gap between the tractor and the trailer.

4.0 EFFEcTS OF THE NATURAL WIND ON AE RODYNAMIC DRAG

The wind tunnel simulation should provide a good representation of a truck moving through
stil l air. However , a real vehicle is usually exposed to a variab le , gusty wind. This wind continu ously
changes in speed and direction. At any instan t in time’the wind velocity vector can be c misn l m red as
the sum of a mean and a fluctuating component. The steady, mean wind increases in speed from zero
at ground level to a maximum value hundreds of feet above the ground. The unsteady fluctuatin g part
consists of a series of gusts distributed approximately normally about this mean value . If the wind is
blowing at an angle ~ to the direction of the truck’s motion it will l)TodU ’e an air speed ~l i f f e r en t  from
the road speed and will cause a resultant wind direction which is yawed relative to tin t ru ck’s direc-
tion of motion. The magnitude of the mean yaw angle is given by

[ (V ~ /V 1 ) sin ç~ 1= tan~ l -—~~ 
- - — —

~~~~
-- I deg. ( 1 0)

[1 + ( V f V ) ( o S r~ j

and the resulting mean air speed is given by

V = \~ [~ 
+ ( V  V 1 ) 2 + 2 ( V W /V l ) cosá]

2 
It sec ( 1 1)

as shown by the following vector diagram.

Since the mean wind speed varie s with h eight  above ground in a fashion which depends on
the local terrai n , the yaw angle and speed defin ed in l iuation s ( 10)  and ( 11) will increase over the
height of the truck. It is common practice to use a power-la~ v ariation of mean wind speed with
heigh t of the form

‘
~

‘ w (h )  = V~ (h e ) (h h . . 1  ( 12)

where 0.1 4 -
~~ ~ 0.40 (Ref .  ( 9 ) ) ,  the lower values being for smoother terrain. Although the mean

wind may vary appr eciably over the height of the vehic le the deviation of the resultant speed and
dir ection would be only a few per cent above and below the mean values at the trailer mid-height
(about 10 ft.ahove the ground) at highway speeds. Thus it  is probably a reasonable approximation to
simulate the wind-endur ed yaw angle by rotating the model , in uniform flow , about a vertical axis
as is usually done .

l’lw wind velocity profile given by Equation (12)  is only valid for uniform terrain roughness. —
If the truck is travelling downwind of a wind-break like a line of trees the velocities will probably be
somewhat less than given by Equation (12) at 10 ft. On the other hand many roads are raised above
the surroui~~~1g ground level and this will lead to a local flow accel erati on at road level , it is expected
that these two effects will cancel to some extent so that the simple power law profile should he
sat isfactory on the average .

A —
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The effec ts of wind gusts on the truck aerodynamics , if any, are not understood and are
difficult  to represent at model scale. The gusts occur in the horizontal plane (longitudinal gusts in the
wind direction and lateral gusts perpendicul ar to it) and in the vertical plane. These gusts can be con-
sidered as eddies of vary ing si ze swept along by the mean wind. Some of the eddies are smaller than
the truck size , some are of similar size and some are several times larger.

The lateral gusts will cause the resultan t wind angle to fluctuate about its mean value in a
random fashion. The variation would be of the order of ±2 or ±3 degrees for a 10-mph wind at 10 ft.
above the ground perpendicular to a truck travelling 55 mph .

The effect of wind gusts can , perhaps , he separated into two parts — firstly, the averaging
ef fect due to fluctuating angles induced by the gusts and secondly, unsteady aerodynamic effects.

The averaging effect results from the drag in a turbulent flow being the average drag over a
range of fluctuating yaw angles about the mean value. This would cause a drag increase near zero
yaw angle , reducing to no change at yaw angles greater than about 15 degrees . The averaging effect
would also occu r in the vertical plane since vertical gusts would induce a fluctuating non-zero pitch
angle . In these instances the instan taneous aerodynamic drag coefficient for a given approach velocity
vector wo uld equal that for the steady state condition. When the yaw and pitch dependences are
k nown it should he possible to average the force data measured in a wind tunnel in smooth flow and
obtain the turbulent flow behaviour.

It is also possible that the higher frequency gusts ( wavelength of the order of truck length )
could induce instan taneous forces which diffe r considerably from those measured for the same ap-
proach velocity vector in steady flow. Such unsteady effects could only be simulated by introducing
the “correct ” gusts. Unfortunately, while the distribution , or spectrum , of gust sizes is known , this
distribution cannot be properly simulated with any current technique at the size scaling required . It is
only possible to readily generate gusts of the order of the truck width or less.

If one could detc - nine which range of gust sizes were most importan t it might be possible
to simulate just these and so allow for the unsteady effects of the full turbulent flow. In the present
test some experiments were performed using turbulence generated by a square array of flat bars .

The variability of the wind with time of day , season and location within a country is not
so much a problem of the wind ’s effect on aerodynamics, but rather a problem of data interpre tation.
As a t ruck travels throughout the country it will encounter mean winds of changing magnitude and
direction. These winds , in turn , cause large variations in aerodynamic drag, and will result in an
average drag which is a function of the wind climate and the vehicle ’s aerod y n am ic characterist ics. The
followi ng table indicates the magnitude of the drag change produced by mean winds of diffe rent
strengths and directions using the Freight iiner travelling at 55 mph as an example (X = 53 in. ) .

~~ (mp h ) ~ (deg. ) ~ (deg. ) V (mph ) I) ( I b )  ~ Inc~~ase

0 0 55.0 760

5 90 5.2 55.2 897 18.0

10 -15 6.5 62.5 1229 61.7

10 90 10.3 55.9 1110 46.1

10 135° 8.4 48.4 798 5.0

10 1800 0 45.0 509 33.0
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The large variations in drag force demonstrate that the only meaningful fashion in which
the model measurements can be extrapoled to full scale for ~ong-te rrn , country-wide operation is to
average the measured drag force distribution over the expected range of yaw angles.

5.0 WINE ) AVERAGE !) I)RAG COEFFICIENT

A firs t approach to this problem was proposed by Buckley and Sekscienski (Ref . ( 10) ) in
an attempt to account for the average effects due to wind. They assumed that the national average
wi nd for the l ’ nit ed States , 9.5 mph at a 30-ft . height above ground , could blow equally probabl y
fro m all directions and used this fact to compute an average drag coefficient. Essentially, the direction
of the 9.5-mph wind vector was varied from head-on to the truck to tail-on , th rough 180 , using a
finite n umber of angle increments. For each increment in wind direction the drag value is inte rpolated
from the measured drag versus yaw angle curv e for the yaw angle induced . The average of these drag
values provides the “wind-averaged ” drag coefficient.

As the wind direction is changed through 180° the resultan t yaw angle at first increases to
a ma.x lniu in of ~i = 10.0° (fo r 0 = 100° ) and then decreases to zero at ~ = 180 .

While this analysis allows the inclusion of yaw effects due to wind it does so incompletel y.
The wind speeds in real life are distributed about the yearly mean value , sometimes being lower and
sometimes higher. When the winds blow above the yearly average value, the yaw angle induced could
he considerably greater than the 10-degree maximum allowed by the analysis. In addition , the trucks
will be travel ling through rougher terrain than found at most airports on the average , requiring a
reduction in the wind speeds measured at airports sites. Finally, a further reduction would be required
to adjust the measured winds to a more representative height of truck operation.

A mo re realistic approach , then , would be to apply the average wind probability density
dist ribution over a whole country, adjusted to an appropriate reference height , the trailer mid-height.
The wind data are available in the form of hourly wind summaries from meteorological stations ,
usually at airports. The data have been recorded over many years and come in the form of tables
which log the numbers of hours during which the mean hourly wind blew from a specific band of
wind directions within a given range of speed .

The data are usually taken at a height of 33 ft.( 1O m) in open terrain. In order to correct
the data to 10 ft., the trailer mid-height , and to account for rougher terrain than found at airports ,
the wind velocities are reduced by a factor of 2 based on current descriptions of surface wind pro files
( Refs . (9), ( 11)) .

The winds from the airport sites were taken from the measurement levels of 33 ft. and
tran sferred to the top of the boundary layer , 900 ft.above ground using a = 0.15 in Equatio n (12).
These winds were then applied at the greater boundary layer depth of 1300 ft. over the rougher
terrain representative of truck operation , and then transferred back down to 10 ft. usi ng a = 0.25 in
Equation (12). Thus

V~ (10) = V~ (33 ) (900/33 ) 15 (l0/ 1300) 2~ = 0.5V~~(33)

The choice of exponents and depth of the earth ’s boundary layer is somewhat arbitrary .
However , if the most extreme ranges are used 0.4 ~ V ( 10)/V a (33) ~ 0.6 so the value of 0.5 repre-
sents a median value.

Wind record s for a twenty-year period were collected for 30 sites in Canada and were
averaged to produce one master wind distribution. The data showed nearly unifo rm probabilities of
occurrence for any wind speed irrespective of direction , except for a slight bias to winds fro m the
West. Preliminary computations showed that no matter what direction a truck was chosen to be
moving the wind averaged drag coefficients were always within one percent of each other.

V ~ 
— . .. 
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The wind averaged drag coefficients computed ( Freigitt liner) using the full directional wind
statistics for a truck travelling North , East , South and West at 55 mph were 0.99, 0.98, 0.99, 1.00 re-
spectively. Use of the average velocity distribution for each direction gave = 0.99. In comparison
the use of a_single average Canadian yearly speed (not a distribution of speeds) of 10.2 mph at 33-ft .
heigh t gave C1) = 1.13.

The wind averaged drag coefficient is defined as

= f ~~ f ~~~~ ~~~~~ ~~~~ [i + (V~ /V 1 ) 2 + 2(VJV~)cos~~)] p( V~ , 0) dV~ dØ ( 13)

where the wind probability (mph ’ rad~ ) is normalized such that

f ~” f ~ 
~~ 

~~~~~ 0) dV~ dO = 1.0 (14)

If  the distribution is assumed to consist of only one speed — the yearly average value, V~, occurring
wi th equal probabili ty from all wind directions — then p(V~. ,  0) can be replaced by p(V~ ) ~(V~ -

V~ ) in Equations (13) and (14). Equation ( 14) becomes

~~~ p (V~ ) ~(V~ V~ ) dV~ dO = P(Va ) I dØ = 2~ p(V~ ) = 1.0

Thus P(V a ) = ‘/~2 7 T

and Equatio n (13) reduces to the form used by Buckley ( Ref. (10)), which is

(~) ( V )  = ~~~~
- f~~C1~ ~~~ [i + ( V  /V 1) 2 + 2(V a /V t )  cosO] dO

Since the directional characteristics of the mean hourly winds had littl e effect on the wind
averaged drag coefficient it was decided to use the same distribution for all wind directions. This dis-
tribution is the probability density function shown in Figure 21. The probability has been normalized
such that the area under the density curve is 1.0. The curve shown is a Weibull fit of the observed data
and has the form

k V ~~ kp (V~ ) = —— exp f ( V ~ /c) ~ ( 15)

where c = 6.97 and k = 1.73. This probability density must be multiplied by ½1r for use in Equa-
tio n (13). For each direction the probability of 0 mph wind speed is 0, the probability reaches a
maximum at about 4.5 mph and decreases to very low values by 20 mp h. The cumulative probability
distribution is related to the density function and is the fraction of the time that the wind equals or
exceeds any speed from all directions. Obviously it must begin at 1.0 since all winds equal or exceed
0 mph. From this curve it can be seen that a 10-mph wind is equalled or exceeded only 14 percent
of the time from all directions. For a truck driving in any direction, then , it is likely to see a wind angle
of more than 10 degrees only for a fraction of the time that the wind is at or above 10 mph.

It is possible to calculate the probability of exceeding any given wind angle using the
density distribution given in Figure 21 where

V W ma~ p(V)d Ø dV~
= _____— (16)

~: 
p(V ) dO

V

~~
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O~ (V~ ) and 02  (V~ ) are the wind angle bounds within which the yaw angle is just equal to or greater
than the particular value of ~i for which the cumulative probability is required . I)ue to symmetry
considerations only the range 00 

~ 0 ~ 180° is required . The yaw angle cumulative distribution cal-
culated from this relationship is shown in Figure 22. The wind angle is equal to or exceed s five degrees
120 days per year , ten degrees 25 days per year and fifteen degrees 3.5 days per year , about one
percent of the time. Thus it would seen that the performance of add-ons is of most significance , on
the average in Canada , for ya w angles of ten degrees or less.

6.0 TEST RESULTS

A selection of the experimental results are presented below that outline the trends found
th roughout the tests. No attempt will be made to discuss the detailed aerodynamic behaviour and the
main emphasis will be on drag and the fuel saving available through drag reduction. The remainder of
this section will be devoted to discussions of drag and the following section will summarize the ex-
pected fuel savin gs.

6.1 General Remarks

The trends in all the aerodynamic force and moment coefficients with yaw angle are
similar for the three truck types tested ( Fig. 4) as shown in Figure 23. The tractor-trailer separation
used was 53 in.

The side force , yawing moment and rolling moment coefficients are all nearly linear with
yaw angle and pass through zero at 0 degrees (anti-symmetrical about 0 degrees). The slopes of the
side force and rolling moment coefficient curves are positive while the slope of the yawing moment
curve is negative. The straight truck has the lowest side force slope and the highest rolling moment
slope suggesting that the lateral centre of pressure is higher for the straight truck than for the tractor-
trailers .No  differences in these coefficients were observed between the two tractor-trailers.

The lift and pitchin g moment coefficients are symmetrical about zero yaw angle. The lift
coefficients are always positive with the lift curve slopes for the tractor-trailers increasing from zero
at 0 degrees yaw to a maximum by 10 degrees and then decreasing again. The lift curv e slope for the
straight truck varies only slightly over most of the yaw angle range and has a value equal to about
one-fifth that for the tractor-trailers . The pitching moment is nearly constan t with yaw angle for the
straigh t truck but has an increasing negative slope for the tractor-trailers , leading to negative (i.e.,
nose-down ) pitching moments beyond about 10 degrees. It is probable that the majority of the lift
increase with yaw angle is due to lift on the trailer which would lead to the negative moments.

The drag coefficient curve is symmetrical about zero yaw angle with the lowest drag values
found at zero . The cab.over-en gine tractor-trailer combination has higher drag than the conventional
tractor-trailer. Both curves are approximately parallel and show a large increase in drag with yaw angle
up to 20 degrees.

The straigh t truck has a drag at 0 degrees which lies between the values for the other two
veh icles, and a much slower drag rise with yaw angle which may be attributed to no gap between the
cab and the box and reduced underbody ground clearance. Flows through the tractor-trailer gap and
under the trailer at non-zero yaw angles may induce flow separations on the downstream side of the
trailer which cause the drag rise seen. The wind averaged drag coefficients and estimated fuel con-
sumptions for the three trucks at 55 mph are (X = 53 in.).

Vehicle CD p (gphm)

COE 0.99 22.0
CONV 0.92 18.6
Truck 0.88 11.6
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The separation between a tractor and trailer varies with tractor and trailer type and axle
loading regulations. Typical changes in aerodynamic forces and moments which occur with changing
separation are shown for the Freightliner in Figure 24. The greatest effects are seen at large yaw
angles, and drag is most effected. In genera) the drag increases with separations up to about 40 in. and
then becomes constan t or decreases slightl y as shown in the inset figure. The following table gives this
behaviour for both tractor types and suggests that it is worth using a small separation whenever pos-
sible.

CD
Separation , In.

Freightliner p ( gphm) IHC 1800 p (gphm)

23 0.91 20.9 0.90 18.3
33 0.94 21.3 0.93 18.7
43 0.98 21.8 0.94 18.8
53 0.99 21.9 0.92 18.6
63 1.00 22.0 0.94 18.8
73 1.00 22.0 0.96 19.0
83 0.98 21.8 — —

The effects of small changes to the tractors ’ configurations were also investigated and are
summarized below for a separation of 53 in.

C11
Modification

Freightliner g (gphin ) IUC 1800 ~ ( gphm)

Baseline 0.99 21.9 0.92 18.6
Radiator louvres closed 0.98 21.8 0.92 18.6
Exhaust pipe removed 0.98 21.8 —

Double bumper 1.02 22.3 — —

Roof-mounted air conditioner — 0.96 19.0
Sun visor j 1.01 22.2 — —
Trailer mounted refrigeration unit 0.94 21.3 0.91 18.4
Mud flaps removed 

j_~_ 
0.94 21.3 — —

The effect of test Reynolds number is shown in Figure 25 for the IHC 1800 conventional
tractor-trailer and typifies the results for the other trucks. There are some changes in the force and
moment coefficients with increasing Reynolds number. In particular , the drag drops from its values
at low speed , becoming constant above Re = 6.5 X 106 . This Reynolds number (V = 225 ft./sec.)
was used for the majority of the test.

6.2 Commercially Available and Prototype Devices

Some typical results with commercially available and prototype devices are shown for the
Freightliner , the III C 1800 loadstar and the III C 1600 straight truck in Figures 26, 27 and 28 re-
spectively (53 in. separation for tractor-trailers). The only significant change in the forces and
moments other than drag can be seen in the lift and pitching moment coefficients for the two tractor-
trailers (Figs. 26 , 27). The presence of a cab-mounted deflector leads to a general reduction in the lift
coefficients producing two parallel families of curves. This is reflected in a negative shift on the —
pitching moment coefficients.

The drag coefficients showed the greatest changes and several clear trends can be observed.
The deflectorR produce the greatest drag reductions near zero yaw angle, however the reduction

‘I’ -~~ —
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decreases as the yaw angle increases and a drag increase above baseline can occur. The angle at which
t.his (‘ross-over occurs depends on the tractor roof to trailer roof height differential and on whether the
de flector is properly sized and correctly mounted . The airshield deflector increases the drag beyond
13 degrees on the Freightliner (Fig. 26) by a small amount (II  = 47 in.) while it increases the drag
beyond 7 degrees on the IHC 1800 Loadstar (F’ig. 27) suggesting that the deflector is less effective
with the more exposed trailer ( 1-I = 70 in.). The loss of deflector performance with increasing yaw
angle is less for the straight truck than for the tractor-trailer and no cross-over was observed for any
deflector.

It was found during the tests that most of the simp le flat-plate deflectors were mounted
too vertically for best performance. ‘I’ilting them farther from the vertical could resulted in consider-
abl y improved performanc ’ and eliminated this cross-over problem. An example of this is provided
by the Dragfoiler-type deflector which shows a drag reduction even at 20 degrees for the Freightliner.
The use of a gap sealing element between tractor and trailer greatly enhances the perform ance of a
deflecto r as does the use of trailer skirts. The trailer skirts also offe r the potential for reducing spray
in wet weather.

The trailer rounding modifications are characterized by the results for the nose cone. It
produces the best drag reductions of the commercially available devices for the straight truck and
conventio nal tractor-trailer and is as good as most presently available deflectors for the Freightliner.
The drag reduction produced with this device is almost constan t with yaw angle . Similar results are
shown for the Aeroboost and Airvan e in Figure 28. The Airvane was only fit ted to the top corn er of
the box and should perform about as well as the Nose (‘one if used on the front side corners.

Prototype devices such as a preliminary version of the University of Maryland Deflector and
Gap Seal , or trailer skirts used with a deflector indicate the increased performance which will be
realized through the use of improved deflectors employed in combination with other devices.

Figure 29 shows the effect of changing the angle of a defl ector on the drag reduction
available and it is evident that one should make sure , as is so af ten not the case, that the deflector is
properly adjusted to match the tractor and trailer used . It also shows that the departure from mini-
mum drag is less for a deflector too vertical than for one inclined too much. The proper setting can
he determined by using a piece of light rope taped to the top centre of the deflector to indicate when
the airflow is just coming onto or slightly above the trailer roof , or a total head tube mounted just
above the trailer roof can he used to detect the separating flow from the deflector.

6.3 Trailer Modifications

While the use of add-on devices can provide useful drag reductions , modifications to future
equipment can also be used to obtain fuel savings. There are many areas on contemporary trailers
where modest changes could lead to reduced drag at little or no cost to payload . Many t railers today
have rounded side corners at the trailer front , some have various amounts of corner bevel and , in one
in stance , a rounded front face.

The effect of different corner radii used on various combinations of corners was investigated
for the tractor-trailers and the results are summarized in Figure 30. The fuel savings possible compared
to the baseline trailer configuration are given for the cab-over-engine and conventional t ractors at X =
53 in. and 55 mph in the following table. All three front corners were radiused with the value given. 

g 
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~~p (gph m, X = 53 In.)
Corner Radius (In.) —

Freightliner IUC 1800

0 -1100 -2472

6 i 611 471
12 856 942
18 856 942
52 1590 1412 

- ~- -

It was found that the top longitudinal corner radius had no effect on drag and that a 10-in. corn~ r
radius on the front corners was sufficient to obtain a majority of the drag reduction available through
large radius. Adding this radius to the top front corner reduced the wind averaged drag coeff ici1 ’I t
by 0.07 for the Freightliner and 0.08 for the [BC 1800 Loadstar (53-in , separation). Rounding the
rear top and sides using an 18-in, radius with the Freightliner reduced 

~
‘i~ 

by an additional increment
of 0.12. This latter modification would interfere with the door operation and would reduce the trail~ r
volume and so would probably not be acceptable to the industry .

Various front face shapes were tried on the trailer and the results found are summarized in
the table below. The bevelled nose is the unit used with tandem trailers . The shapes are defined in
the pho tographs of Figure 15.

P 
- - -~~~ -~~~~ -- -  - _ _ _ _ _ _  _ _ _ _ _  _

‘l’railer Configuration ,
~ 

- —
~

- -
T 

-

(I ) Freightliner p (gphm) 
(1 ) llI(’ 1800 Loadstar p (gp hm)

_ _ _ _ _-  -~~~~~~~~~~~~~~~~~ - H
10 in. radius front sides 23 0.91 20.9 23 0.90 18.3
Nuse cone 35 0.84 20.1 35 0.82 - 17. 4

- Bevelled nose 21 0.91 20.9 21 0.93 18.7
Cylindrical nose 21 0.88 20.6 21 0.84 17. 6
Faired cylindrical nose 21 0.86 20.3 21 0.80 17.1
Fairt ’d cy lind rical nost~ + 21 0.74 18.8 —

streamlined tail

The last entry is for a completely impracti( ’al configuration hut seem s to illustrate the
maximum available gains through modi fic ’ations to the trailer rear face .

Figures 31 and 32 present full data sets for some of these configurations. Again the drag
i -oe ff i r i ent  shows the greatest change of all the force and moment coefficients. The drag curves do
not cross , and remain approximately parallel over the yaw range tested . In Figu re 32 it is interesting
to note that the drag at large yaw angles with the faired cylindrical trailer nose barely exceeds the
zero yaw drag with a square cornered trailer.

6.4 Flow Visual ization

Some of the effects of the add-on devices on the flow over two of the trucks can be seen in
the photographs of Figure 33. A stream of smoke released ahead of the model at a test speed of
50 ft /sec . was used to trace the flow. Only side elevations are shown for the two truck types tested —

the tractor-trailer and the straight truck.
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The down flow behind the tractor, the stagnation point on the trailer , and the separated
flow pocket just  behind the t railer top front corner can be seen. All the defiectors provide improved
flow ~~~ the trailer roof. The inclined Uniroyal defl ector can he seen to provide better flow than
~ hen more vertical . The Nose (‘one removed the flow separation on the top of the trailer but still
permits some flow to go down behind the tractor while the deflectors do not.

A large separa ted flots region can be seen behin d to front to1) ( -or nI r for the baseline straigh t
truck None of the (l(’fl ectors bring tht ’  flow cleanly onto the box roof as they did for the tractor-
trailer , l I ~ ’ .~ir shwld is seen to provid e the l ta .st separated flow of all the ileflectors as would he
i’Xpt’ctt ’d on the  basis of the drag measurements . The Nose (‘one allows the flow to remain attached ,
which explai ns its effec t ivenes.s. The Airv ane is probabl y not remounted properly (the truck was not
attached to the balance fu r these photographs so it was not possible to adjust the Airv ant ’ to give
m i n i m u m  drag ) for the smoke photograph.

6.5 Effec ts of Turbulence at Model Scale

A preliminary invest  iga t  a I i i  into the effect of turhul ence  on the truck’s aerodynamics was
unde rtaken using the turbul ent flow field behind a u n i f o r m , hi-plan ar grid across the inlet of the wind
tunnel test section . ‘I’h e grid ~ as constru( ’tt ’d from an array of 4 in. wide plywood plates placed ver-
tically and hor iiont ..ally on l t i . i n .  (‘entres providing a square lattic e ( Fig. 1). The centre of the turn-
table was located 12 ft. ~36 bar diamvt . ’rs downstreani of the grid. The longitudinal turbulence inten-
s i ty  behind the grid was ab out 7 t ’r~- s ’ i ( t  of the test speed and the integral longitudinal scale of the
turbulen ce was about 7 in.  lt ’ss than the model trail er width. The lateral turbulence intensity was
4 l~vr~i ’nt and the lateral s( ’aj (’ was -I i i i . ,  nearly one-hal f the model trailer width.

I ’}m expect ed longitudina l turbu lenc e intensity at the trailer mid-height at a truck speed of
55 mph would be about 3 percent of the resultan t airspeed for a 10-mph wind and the lateral intensity
~ ould he about 2 perc ent .  l i i i  longitudinal scale in the atmosp here migh t be of the order of 50-100 ft .
I R e f .  11 I 1 to 2 t r u r k l en gt h s )  and the lateral scale would he about 10 to 15 ft. (Ref.  (11 II ,  1 or 2
tru ck widths . Thus th e  tu rbu len t  field used was of too high an i n t e n s i t y  and of too short a scale length
to I ) r o I t ’ r I \  simulate the.’ average atn ius i t t i * .r l c turbu lence. The lateral scales and intensities , those of
mu st importance , ( ‘(I n) . ’ e. ’los, - enough t.o modelled full scale values that the grid flow should provide an
indication of the p. ,ssiblt ’ , f f eut s  of turbulence .

\ It’a.sur . ’ni t ’tit .s ~~cr .’ made behind the grid for both the F’reightliner and the  III C 1600
straight truck , and the drag data are presented in Figures 34 and 35, respectively. The test speed was
onl y 50 ft. , see , because th e large pressure dro ll across the grid precluded use of a higher speed . It
appears , h ow ever , that th e R. ’~ ru~l~is number  is sufficient since the J)resenc ’ of the turbulence serves
to cause early boundary layer transition on the model. More scatter was present in the data than for
the main experiment due to the small loads and the unsteadiness in the flow .

The most noticeable trend for the tractor-trail er in the presence of turbulence (Fig . 34
is that the drag near zero yaw angle is increased . This result supports some of the turbulence averaging
arguments pr ..se.’nt .ed in Section 4.0 although it is not [)ossible to separate these effects and any due
to unst ea dy aerodyna m ics. ‘l b . ’  increase.’ in drag is greatest when the deflector is present , as would be
expected , because it ’s yaw curv e shows the steepest drag rise . Wi th  turbulence the Nose (‘one shows —
a small drag rise near zero yaw m i t  otherwise the drag curve is almost identical to the uniform flow
result. While the wind averaged (Irag coefficients are within i few p. ’rc.~nt of each other in smooth and
turhu len t flow , this small change represents a significan t fraction of the drag reduction achieved in
many cases. The effects of turbulence on the wind averaged drag coefficient is given for the Freight-
liner (X 53 in.) in the following table.
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~m t ~ th  Fh.~~~~~~ l ’ urhalen~~ 1ow -

Configuration __ — 
— - — 

~~(‘0[ A(’ ,
L - — - - —

~~

Baseline 0. 19 1.01 -

I f i n  ‘val Deflector , 0.?1 ( i  0. 13 0.90 0.11 0.85
t ’ niroyal Def . + Gap Seal I O . t~t2 0. 17 0.86 0.14
Nose (~un e 0.89 0. 1~

) 0.91 0.10 1.00

‘ t h e  right-hand column ~h u w s  that the defl. ’ctur ;>. ‘rform anc . ’ is reduced with turbul ence
present h 15 pe rcent and h 12 j ,.’rc. nt  whe n th e . ’  (‘aap Seal is also u s,’ ) ‘l i i , -  N ~~~ 

(‘on.’ sh , ; t ~..’d no
per form ance change. ’.

These results are in qual i tat iv e agr.’.’rnent wi th  th .~ work  of Ruc k le~’ et al I Ref. 1 1 2 ) )  and
Marks et al ( Ref. ( 13) )  who showed that tb. drag measured on a full scale.’ t ra i ’ t ~ n t r a d t ’ r  in the gust y
wind ~ as higher for t h. unmodifi .’d v .’hi t ’l, ’ in turbu l , ’nc , than for a wind  t unn .’l  mod,’l ~ f i t , iii

smooth floss . It ssas also found that deflector performance at full scale was reduced comt)are( l t o  the
results found in a wind tunnel , and that the. ’ amount of this difference was reduced by a Gap Seal .

t~
’ u~d tunnel tests on the lll ( ’ 1600 straight truck in smooth and turbulent flow Fig. 35)

showed diffe rences similar to those found for the Freightliner. The baseline results for both flows were
closer than in the ease.’ of the Freightliner although there was a small trend to increased drag near len ’
yaw with turbulenc e . The importance of the averaging effect of turbulence. ’ is small because the d rag
curv e slopes are small fur the straight truck. The deflector suffe rs a considerable drag increase in tur-
bulent flow while. ’ the Nose Cone , again , shows no change. The Airvane generally shows a drag reduc-
tion in t urbulence which could he related to the effective Reynolds number being changed by the
presence of turbulence. The wind averaged drag coefficients measured are given below.

Smooth Flow ‘l’urhulent Flow
(‘.‘ n figurati on 

— — 
—————— A 

~ 
‘
~~(‘I ~~~ (‘D 1 

PC[)

Baseline 0.88 0.89 —

Airshield 1)efl. ’ctur 0.73 0.15 0.79 0.10 0.67
Ni 5.’ (‘ one 0.68 0.20 0.69 0.20 1.00
S3 Airvane 0.80 0.08 0.79 0.10 1.25

‘These preliminary data would suggest that the general force levels are not greatly effected
by the prese.’nce of turbul enc e. ’ hut that differences between confi gurations can be. Thus smooth flow
in a wind tunnel can provide. ’ an effective techni q ue for developing drag reducing devices. h owever ,
comparisons of the exact magnitud es of the (Irag reductions from various devices may be subject to
errors of the magnitude of the differences noted above. It may be possible to include adequate tur l )u-
hence inputs through the correct uniform grid choice , and it may also be possible to adjust the data
m,’asured in smooth flow in a wind tunnel using averaging techni ques over the range of fluctuating
j , i t e h  and yaw angles encountered by full scale trucks.

7.0 SU M M A R Y  OF RESULTS —

The graphical presentation of results is useful for defining the aerodynamic character-
istics of (li ffer ent trucks and of changes to them , but is not convenient for comparisons of large
numhe. ’rs of modifications. A mor(’ e. ’ffective format is obtained through use of the wind averaged drag
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(‘(wffi( ’ie’n t . ‘table. ’ I t er ov ich ’s  t h i S  11111 in n i a t  11111 for a wide range. ’ of truck configurations. ‘fte data are’
Iri s l ’n t e’ ( l  in thr ee groups trail er  modi f i i ’at i uns , tractor or cab mounted devices , and tra iler

mounted d i v o t ’ s . Fu e l  t ’tIlisu mption I t ibta ined by inverting }‘q. l X I )  and the. ’ e ’stim at . ’d annua l  fuel
s~iVI  r ig h n each device. ’ are g i v e n .

(‘orne. ’r rounding is an e f f ec t iv e ’  drag reducing techni que and it. would  se e-rn n,’a.niII i ahle ’ I i )

ex)H ’( ’t tra iler manufa & ’tu n. ’n s to r a i l i u s  the’ top front trailer (or box c orne r on f u t u re  equipment .
Large’ ruui ided trailer noses provide some improvement over 10 or 12 In. corne r radii , e ’sJ H ’c l a l lv
a t larger y aw a l I g l e ’ s , and allow cli s I r  l ’ou~)l ing . If this nose.’ shape could b. added to the ( ur re. ’ut 1.1 ft.
maximum trailer length without  ext - c e i l i n g i iver - a l l truck length limits t I i c~ should be attractive to
t i t l era tcu r n })e(’ause of the volume increase.’, These shapes may li e most e ’ff , ’i ’ti ve when u se- il with a
deflector. Square’ f r o n t  ce)rne. ’r s are t i e  he avoided ,

‘rhe.~ adva ntages of t i l t ing the. i defle ctor back more and using a variable angle mountin g to
maintain best performance at any se paration is clearly apparent. The. ’ changes found in the. ’ wind tunne l
test using the new deflector set t in g s have be. ’e’n confirmed in engineering road and fle. ’ot t es t in l .~ by )~~t h
manufact  ure.’rs who have adopted this te e.’hti ique. It can also be seen that the use. ’ of a deflect or whe. ’n
the top front trai le r corne r is radiuse.ld gives a better drag reduct ion than when a square corner is

pre ’se ’nt . it is possible that the eff e ’ct s of wind turbul ence will be reduced by such a combination . .\ lso ,
the. ’ sensitivity t o  de flector angle would l)e. ’ reduced makin g the deflector easier to se t . The. ’ use ’ of a
gap sealing device with a deflector would seem both practical and worth whi le.

The trai le. °r mounted devices generally give drag reductions which are similar to those
obtain ed th rough trailer modifications. Trailer skirts are seen to he eff , ’etrve . Li t t le  extra tlr ag r e ’tl u c-
tion is achieved when both skirts a,id a Gal) Seal are used together .

8.0 ( ‘ON(’L 1USIONS

‘t h e ’ fuel saving potentials for a wide range of currently availab le’ amid p ro toty l  li add-on

drag reduc ing devices have been assessed in a comprehensive wind turine. ’l i n v e . ’ s t i g a t i i i n . It has le e r )

shown that all the device s tested provide. ’ useful fuel savings and most would pay fo r themselves w t t h i n
on. ’ year. Improved devices , and combinations of devices , see.’m to offer the.’ prospect for greater fuel
savings than are now achieved . Modifications to current trader designs van also offer significant fuel
savings.

In gene ral the tr ends predicte d at model scale’ in a wind tunne l provide a useful , qual itat iv e
prediction of full  st al e truck aerodynamics as de monstrated b y h i m i t e s l  cortelatton ‘,s i t h  field ( ‘\ I Ie ’ni .
ence.’. h owever quantitative extrapolation of the ’ wind tunnel data to full scale should be performed
with some caution until the effects of wind turbulence an’ better understood and more comp lete
correlation with full seal.’ can he’ establishe d . Prel iminary investigations of t h e  e ffec t of t u r b u l e n c e ’  in
the wi nd tunnel simulation , when co mpare.°d to some full scale. ’ data , sugge ’st that turbulenc e ’ effects
might be accounted for by a simp lifi ed tu rbulence. ’ simulation , or l iv  the appro p riat e ’ data ln t ,1 r ) l re ~ta.

tion .
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N( )‘F Vl ’ION

projecte(l frontal area , ft~
re’fe ’r e’nce ’ length , ft. (nominal trailer length for tractor-trailers, 45-ft. full scale;
wheel base for straight truck , 18-ft. full scale~

constants in the Weibull functionk
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N ( ) I ’ .-V l ’ l( )N (C e)nt ’d

[) body axis drag force ’ . lb

L body axis lift fort -i ’ , lb

a xis  so le ’  force , lb

M body axis  p i t ch ing  moment , lb ft .

N body axis yawing moment , lb ft.

R body axis rol ling moment , lb ft.

(‘J) drag i i  o ’f f ic ient , D/q~ A

~~
‘

t )
th 

wind axis (Irag coefficient unc ( irr ( ’c t e ’d for blockage

wind averaged drag coeff ic ient

wind averaged drag coeffieier t in turbulent flow

lift coefficie nt , L/q~ A

(‘
~ side force. ’ coe fficient , Y /q A

pitching moment  coe ff ic ie nt , \ I / q  AB

yawing  moment coeff ic i e n t , N!q~ .AB

rolling moment  ci ee ’ff i c i e ’n t , R /q, ~-\ B

h height above ’ ground , ft .

U height differential between the tractor or cab and trailer roofs , in.

Ph - - ~ cumulat ive probability (p robab i l i t y  (I f  exceeding ~

p(~ probability de n s i t y  (p robability of occurrence’ of ~)

P ,1 power required to ove’ r i - t l r ne  ae rodynamic drag, hp

total e ’i ’ighr i e ’  power re quired , hp

P1 power required to overcome ’ rolling drag, hp

q dynamic h)re. ’ssure. ’, ½ p V2 lb / f t ~

dynamic pressure e’orre ’cted f ee r  blockage ’, lh/ ft~

Re Reynolds n umbe r based on trailer length or wheelbase , 6380 B V

S wind tunn e l t .’st sec t ion area above ’ the. ’ ground plane , ft~

SF(’ engine specific fuel consumption , lb/hp-hr
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NOT.\ l I O N  (.‘ont ’( l )

V r e sultant  ai r  spe ’e ’d approaching the truck , f t . /sec. or mph

wind spe ’e’d , ft.fsec. or mp h

truck sl>e ’* .d . ft /sec . or mph

truck weight , lb

N se parat ion b e twe en  rear face’ of tractor and front face of trailer , in ,

a exponent in wind power law profil e

indicates the  difference between two quantiti e ’s

e f f ic ie n cy  of power transmission (p o we r delivered at drive wheels divided by total
engine power)

0 angle ’ of cab-mounted deflector from the vertical

fuel consumption , gal/mi  or gal/ 100 mi (gp hm )

p air d e n s i t y , .00238 at S’I’P (.00251 used for fuel calculations)

0 fuel dens i t y , lb/ Imperi al gallon

dere ’ct ion of wind r e la t ive  to direction of truck motion (0 deg head on )

yaw angle between resultant wind direction and the direction of truck motion (deg)
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CYJRRENT PRO~/ECTS

Much of the work in progress in the laboratories
of the National Aeronautical Establishment and the Division
of Mechanical Engineering includes calibrations , rou t ine
analyses and the testing of proprietary products; in additio n ,
a substantial vol ume of the work is devoted to app lied re-
search or Investi gations carried out under contract and on
beh alf of private industrial companies.

None of this work is reported in the following
pages.

list 
-



- 89 - ~~~~~~ ,~,C4

A NALYSIS L A B ORA TOR Y

AVCU LA B LL- FACILITIES

This lahor at urv  has anal ysis and simulation fac ilities available on an open-shop baSiS. lCn qu I r I ( ’$
are s’ .~})ec1ally encouraged for projects that may utilize the facilities in a novel and/ or part icularl y
effect ive manner. Such proje cts are given priority and are ful ly  supported with assistanc~ from
laboratory personnel. The facilit ies are especiall y su ited to system design S tU d I e S  and S& ’ I e I I E I f  IC

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~]~~ti9p ~~;V~~Iabl po ‘s ~. . . p .  ) —  0 -- - -  •~ %~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 
—‘ ,

~ ~ 2’ ’”’ P

EQUIPMI-:Ni ’

- ,-\n Elec tronic .\ sso clat&-s 690 HYBRID COMPUTER consisting of the following:
I a )  PA ( ’ER 100 digital computer

— 3 2 K m e m ory
— card reader
— h igh speed printer
— disc
— digital plotter

(b) Two EAI  680 analogu e computer consoles
— 200 amplifiers including 60 integrators
— 120 digital ly set attenuators
— non-linear elements

x-y pen recorders
— strip chart recorders
-‘ l arge screen oscilloscope

(c I  hAl  693 I l l t e r f a ( ’ s ,-
- - 24 digital -to-analogue conver ters
— -18 analogue-to-di gi tal conver ters
— interrupts, sense lines , control lines

2. Hewlett Packard Model 3960 FM instrumentation tape recorder. IRIG standard , 4-track ,
1/ - I-Inch tape , Speeds: 15/ 16 , 3 -3/ - I  and 15 inches per second.

( ;l-:N E RA L STL ’l) lE S

,-\ computer ~)a( ’kage called BUGOFF to assist in the on-line debugging of hy brid computer pro-
~~ams has been developed.

A study of the equations of motion for n coupled flexible bodies in being carried out.

,-~P PLlC Vl’lON S S1’t l) lhS

In colla l,orat ion w ith the Low Speed Aerodynamics Laborato ry of N A E , a hybrid computer
model of the large verU( ’al axis wind turbine , to he instal led in collaboration with Hydro Quebe c. —
has been a~,ss’inbed and is bei ng used for dynamical studies.

lii collaboration with Uni te d Aircraft of Canada Ltd.. a hybrid computer model of an advanced
turbo-fa n engin e is being put together in order to investigate the expected performance of the
engine and its cont rol system.
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in collaboration with the instruments Laborato ry , a pilo t h y brid com puter model of the NRC ’
roller rig for railway vehicle testing is being built as an aid in the design of the roller rig and its
controls.

In collaboration with  the British Gas Coun ’il , TransCanada Pipelines Ltd . and G.F . Crate LW,. a
stud of the station controls for the St. Fergus terminal gas compressor station , location on the
North  Sea coast , is being undertaken.

In collaboration with the Control Sy stems and Human Engineering Laboratory and the Quebec
Iron and r i tanj um (‘o,, interactive computer model of an iron smelter is being developed to s tudy
scheduling of cranes and tracked vehicles and to improve materials handling in the smelter.

- _ ~~~~--  ~~, ~— - ~~ 1 ~~~~~~~~~~~~~ ~~~~~~~~ iF ’i-trTh tt~
’iT ~ ~~~~~~~~~~~~~~~~~~~~ Il  Support ~ f th e ir ’ ~ 

*~~~

advanced control concepts for 1)0th the smal l b u s in s s~ jet engine and the helicopter engine . ,- \ t  -
present , a validat ion of a detaI led model of a tw in  engine helic-opter model is complete.

In collal or~tt ,io n with the Control Systems and Human Engineering Laboratory and the International
Nickel (‘o., Ontario Division , an interactive computer model of a copper -nickel smelter is being
developed to study material handling and scheduling in the plant .

in collaboration with the Engine Laboratory , a data reduction program has been put together for
the h y brid computer which accepts tape recorded transducer data gathered during transient engine
tests of the J85 program . The program is currently being used to process data from the test pro-
gram .

In collaboration with the Control Systems and Human Engineering Laboratory and R .L . Cram Ltd.,
art interactive order streaming progr am for a print shop is being developed for use by the press-
co-ordinators .

In collaboration with Canadian \Vestinghouse Ltd . and G. F. Crate Ltd., a study is being made of
the fuel controller requirements for a new family of 35,000 HP gas turbines. .\ hybrid -omputer
model is being assembled to he used in the development.

APPL ICATION S S’FI’DIES BY oTHERs

Forest R. Livingstone Ltd . and the Maritime Equipment  Engineering Group of the Department 01
National Defence are using the hy brid computer for a study of the propulsion system on the
DDH 280 Nav y destroyer. A final report is being prepared ,

K endall Associates, under contract to SPAR Aerospace Products Ltd., hav e assembled a hybrid
computer model of the proposed joint design of the remote manipulator arm for the space shuttle.
Two J oin t s  have been modelled , and the arm flexib i lity effects on the design hav e been evaluated.

.1
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CON TROL SYS TEMS AND HUMAN ENGINEER/NC LABORA TOR Y

INDUSTRI AL CONTROL PROBLE MS

Industrial systems and agricultural applications of fluid ic cIr I’uit s

Fluid sensor and control  component n-search and development.

Inv es t ig at i on  of the process dynamics and control chara ct c ’r Istu -s of copper converter s including
- ) — - )- ) •-  > -‘- ) i’- .‘ ...~~ .( ~ 

L,~~ ~~~ 2 w t  f ,o~~~~~l i - a - I ~~dul ir~,g str egles . . ‘ ~~% b -  -*  ,-
~~~~~ 

- -

Interact ive  computer modelling app lied to scheduling of larg e scale metallurgical p lants .

Development of ( -\ MA C instrumentation for industrial control app lications.

Eng ineering support to specific firms for the imp lemen tat ion of schemes for control and
mechanization,

H U M A N  EN GINE E-RI NG — BEHAV I OURAL STUDIES

Investi gation of the control characteristics of the human  operator and the basic phenomena under-
l ying tracking performance.

lllvc ’sti gation of the nature of sensory intetaction in human percep tual-motor performance.

Inv est igat ion of the factors involved in the presentation and processing of information , partic-
ularly in relation to simulator design.

IR MAN ENGIN l -~EI t1N ( ; — M EI ) ICAL AND SURGICAL

Investigation of the imp lementation of feedback control in living organisms with particular
r e f e r s - r e - c  to the control of temperature and pressure in the sp inal -ord .

Investigation of non-ionizing electromagnetic radiation as means of controlling living processes
with particular reference to controlled wound healing.

Measurement of in -vivo tensi le  strengt h characteristics of sk in .

Development of models of tissue sec tions , organ s , and whole organIsms .

Development of st er eo-tax ic and allied apparatus f or  neurosurgical pr r ) c s-du r es.

PA I ” FERN RECOGNITION ANI) IMAGE PROCESSIN G

Inv e st igat ion of the fundam enta l s  of pattern re cognit ion.

.-\ i plic ’ati on of I) atts rn recognition techn iques to iden t i f ica t Ion  and c lassification problems with
part i cular  r s ’ t . ’ r I ’ I r - ’  to image enhancement  a t u l  compu t er  anal ysis of hu man chromosome
material f rom s - ls -t r on microgr~sp hs .
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ENGINE LABORA TOR Y

HOSPITAL AIR BED

A hospital air bed designed and built by NRC has been delivered to the Hotel Dieu Hosp ital in
Kingston , Ontario for clinical evaluations of treatment of burn patients. The function and per-
formance specifications of the bed were devised in collaboration with Canadian medical authonties
to sat isf y Canadian needs.

A second air bed was purchased in England by the Victoria Hosp i tal in London , Ontario , and was

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘ 

~ • .-

Both beds are now being used for experimental work and clinical evaluations in the two hospitals.

GAS TURBINE OPERATIONS

An investigation of aircraft gas turbine engine operating characteristics is being conducted in con-
junction with the Canadian Forces.

Assistance has been given to the Canadian Forces in the development of an inlet protective system
for sea-borne gas turbines operating in icing environments.

Prototype instrumentation for an in-fligh t thrust meter has been verified on a test-bed installed
turbojet engine.

DI ’(’T ED FAN AEROACOUSTICS

A 12-inch diameter ducted fan model has been tested aerodynamically for the purpose of making
performance comparisons between a standard 19-bladed st.ator and a 19-hiaded stator with stepped
leading edges. Comparative noise studies of the same configurations in an acoustically treated test
cell are now underway .

These experiments are made by the Engine Laboratory in co-operation with the Division of .-\ pplied
Physics with the intent of exploring special noise reducing features in ducted fan design.

E N G I N E  COOLI NG SYSTEM A ER OD Y NA M ICS

An expi -r lmenta l  study of the aerodynamic s related to automotive power plants has l- .es~~ - -

in collaboration with Canadian industry.

ROTOR DYNA~~ (’S

An experimental rig is being constructed to investigate techni ques for ImI rss ~.’~I
diagnosis from rotating machinery under a variety of operating and support - ‘ -  -

ature review of the dynamic  st iffness and damp ing parameter s of fluid f i l l ?  - -

undertaken. The operating range of the laboratory ’s torsIona l  v ih r a t io ~ -

being extended  to meet new requirements fro m indust ry .

AI R CI J SI I I ON VE II I ( ’LE S

Thi ’ f i r s t  ( ‘A SPAR progr am , on the Mu lt i cel l  s k i r t  has
will be issued shortly.
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An analytical study of ACV drag overland is continuing. Advances in the theory have been for-mulated , and an experimental program is in progress, to explore the validi ty of these theories andprovide nume rical values for the coefficients prop osed .

An associated stud y of skirt element structural stability and response to transient disturb ances
during forward motion is proceeding.

A new (HDL) type sk irt system has been built onto research vehicle HEX-lB. and this test programis in progress .

Research vehicle HEX-3 is being completely rebuilt to the HEX -4 configuration. It will be used
for h igh-speed skirt-wear experi ments , with particular reference to on-road A.C. assisted transports ,and later for over-s now drag tests related to icebreak ing problems. Special instr umentati on for thiswo rk is bei ng incorporated .

HYDROSTATIC BEARINGS

:\ design study of a hydrostatic beanng support system for the railroad roller test rig is in pro gress.

AEROA(’OUSTI(’s

A stud y of the noise characteristic., of centr ifugal blowers is in progr ess. An existing laboratorycentnfugaJ fan has been tested to invest igate the relation betw een flow characteristic s and noisegenera tion and to determine appropr iate test procedure s. The effect of certai n changes in casinggeometry on the noise genera ted by a commercia l blower have been investigated .

AIR R EAR I~~GS

Exp enmental and anal yt ical work on air lubricated bearings and seals is continu ing. Attentio n isbeing focused on aeros tat ic thrust bearings with one complian t surface.

INDU STR iAL AERODYNAMICS

In conjunct ion with the Gas Dynamics Laboratory further studies are being carried out on the
internal gas flow distributions in an industrial fur nace.
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FLIGH T RESEI4 RCH L A BORA TORY

AIRBORNE REMOTE SENSING OF MAGNETIC PHENOMENA

Experimenta l and theoretical studies relating to the fu rther development and use of magnetic air-
borne detection equi pment. Equipment under development is installed on a North Star aircraft ,
wh ich is used as a flying laboratory. Surveys requested by various Government Departments and
other agencies are carried out periodically using an advanced navigation system based on very low
frequency (VLF) radio signals and doppler , for recovery of survey tracks. A Convair 580 aircraft
is being equipped to replace the North Star on its retirement from service with the Flight Research
Laboratory .

INVESTIGATION OF PROBLEMS ASSOCIATED WITH V/STOL AIRCRA~~F OPERATIONS

The Laboratory ’s two variable stability helicopters, a Bell 47G3B1 and a Bell 205A1, are being
employed in programs to investigate terminal area operational problems which are most severe
for or peculiar to aircraft capable of low approach speeds. The Bell 47 program is aimed at an
investigation of optimum energy management to reduce the effects of atmospheric disturbances
on the ride characteristics of low speed aircraft . The 205, wh ich is capable of measuring and
recording the magnitude of the three components of motion of the atmosphere through which it
flies, is employing this capability in a program of terminal area wind and turbulence documenta-
tion at the Rockcliffe STOLport. In a related program the 205 is being configured to simulate
the fl ight characteristics and handling qualit ies of a “good” powered-lift STOL transport aircraft ;
the effects of severe turbulence and strong wind shears on the approach handling qualities and
operation al envelope of such an aircraft are being evaluated by flying the simulated vehicle
through naturall y occurring atmospheric disturbances.

INVESTIGATION OF ATMOSPHERIC TURBULENCE

A 1.33 aircraft , equipped to measure wind gust velocities, air temperature, wind speed, and other
parameters of interest in turbulence research , is used for measurements at very low altitude , in
clear air above the tropopause , in the neighbourhood of mountain wave activity, and near storms.
Records are obtained on magnetic tape to facilitate data analysis. The aircraft also participates in
co-operative experiments with other research agencies, in particular , the Summer Cumulus Inves-
tigation (see below) . A second T-33 aircraft is used in a supporting role for these and other projects.

AIRCRAFT OPERATIONS

The Flight Recorder Playback Centre is engaged in the recovery and analysis of information from
the various flight data recorders and cockpit voice recorders used on Canadian military and civil
transport aircraft. The military systems are being monitored on a routine basis. Civil ai rcraft
recorders are being replayed to investigate incidents or accidents at the request of the Minis try of
Transport. Technical assistance is being provided during incident and accident investigations and
relevant aircraft operational problems studied.

INDUSTRIAL ASSISTANCE

Assistance is given to aircraft manufacturers and other companies requiring the use of specialized
flight test equipment or techniques.

- — — —U- ~~~~~~~~~~~ _~_-__-__ -- .s— —_....——-. ~__ ,  - -,— —~~~~-.
-—.--— — —,——— .—
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INVESTIGATION OF SPRAY DROPLET RELEASE FROM AIRC RAVF

Theoretical and experimental studies of spray droplet formation from a high speed rotating disc
have been conducted. Fligh t experiments utilize a Harvard aircraft modified to carry external
spray tanks. Automatic flying spot droplet and particle analysis equipment is in operation for
processing samples obtained in the laboratory and in the field by various agencies. The equipment
has potentialities for the analysis of many unusual configurations provided that these may be
photographed with sufficient contrast.

AUTOMOBILE CRASH DETECTO R

There is a need for a sensing device to activate automobile passenger restraint systems in inci pie n t
crash situations. Investigations are in progress to determine the applicability of C.P.I. technology
to this problem.

SUMMER CUMULUS INVESTIGATION

At the request of the Department of the Environment flight studies of Cumulus cloud formations
over Quebec and Ontario were instituted during the Summer of 1974. Instrumented T-33 and
Twin Otter aircraft are being used to determine the properties of Cumulus clouds which extend
appreciably above the freezing level. These measurements are being made to assess the feasibility
of inducing precipitation over forest fire areas by seeding large cumulus formations. During 1975
a variety of cloud physics instruments were added to the Twin Otter, and special pods for burning
silver iodide flares were attached beneath the wing of the T-33 turbulence research aircraft . The
effects of seeding on the microstructure of individual cumulus clouds were studied in the Yellow-
knife area during the Summer of 1975. This projec t is planned to continue for several years.
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FUELS AND LUBRICANTS LABORA TORY

FUNDAMENTAL STUDIES OF FRICTION , LUBRICATION , AND WEAR PROCESSES

investigations of friction and wear processes including the mechanism of adhesion between non-
conforming metal surfaces.

PRACTICAL STUDIES ON LUBRICATION , FRICTION AND WEAR

Investigation of means of improving sharpness retention of wood cutting tools.

Laboratory simulations of wide ran ge of practical sliding contact and bearing conditions to obtain
the friction and wear characteristics of specific lubricants and materials.

COMBUSTION RESEARCH

Experiments on fuel spray evaporation.

Investigation of handling and combustion problems involved in using hydrogen as a fuel for mobile
prime movers.

Study of possible methods for destruction of oxides of nitrogen in engine exhaust gas.

Evaluation of the use of mixtures of methane and carbon dioxide as automobile fuels.

EXTENSION AND DEVELOPMENT OF LABORATORY EVALUATION

Development of new laboratory procedures for the determination of the load carrying capacity of
hypoid gear oils under high speed conditions and under low speed high torque conditions.

Evaluation of filter/coalescer elements for aviation turbine fuels.

Evaluation of longlife filter/coalescer elements from aviation turbine fuel service.

PERFORMAN CE ASPECTS OF FUELS, OILS, GREASES, AND BRAK E FLUID

Co-operative investigation coverin g used oil analysis and inspection of engines from Ottawa Trans.
portation Commission buses to establish realistic oil and filter change periods.

Investigation of laboratory methods for predicting flow properties of engine and gear oils under
low temperature operating conditions.

Investigation of laboratory methods for predicting low temperature flow properties of diesel and
heating fuels and assessment of their suitability .

Co-operative investigation covering test procedure for the evaluation of thermal oxidation stability
of hypoid gear lubricants.

Evaluation of performance of experimental engine lubricants to determine their effect on ring
sticking, wear, and accumulation of deposits under high speed, supercharged conditions.

Development of a laborato ry method for the evaluation of oil performance in air-cooled two-stroke
engines.

is
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Investigation of the electrostatic charging tendency of distillate fuels.

Evaluation of static dissipator additives for distillate fuels.

Evaluation of properties of re-refined oils and surveys of problem s in the oil re-refining industry.

Investigation of the use of anti-icing additive in aviation gasoline.

MISCELLANE OUS STUDIES

The preparation and cataloguing of infra-red spectra of compounds related to fuels , lubricants , and
associated products.

The application of Atomic Absorption spectroscopy to the determination of metals in petroleum
products.

Investigation of the stability of highly compressed fuel gases.

Analytical techniques for analysis of engine exhaust emissions.

Participation in the Canadian (CGSB), American (ASTM ) and Internation (ISO ) bodies to develop
standards for petroleum products and lubricants.

The design and development of an internal combustion engine/hydraul ic transm ission hybrid
power plant for the energy conserving car.

Further developments of specialized pressure transducers for engine health diagnosis and the
development of diagnostic techniques.
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Ice Formation or~ Navigation Buoys is a Serious Problem Off Canada’s East
Coast. This Buoy — Developed Jointly by Division of Mechanical Engineering
and the Ministry of Trans port -- Uses the Thermosiphon Principle to Transport
Hed t from the Sea to the Superstructure to Prevent Ice Formation . The Central
Cy linder is Charged with Ammonia (Mostly Vapour with a Small Quantity of
Liquid) . When Ice Begins to Form the Vapour i~ Condensed in the Upper
Section . The Condensate Film Falls into the Underwater Section where it

Evaporates , and the Vapour Flows to the Upper Section. This Cycle of Con-
riensation and Evaporation is an Effect ive Means of Transferring Heat . Even at
Small Temperature Differences. The Prototype Buoy is Now in the Sea Off
Hal ifax for Testing.

SELF DE-ICING NAVIGATION BUOY

GAS DYNAMICS LABORATORY
DIVISION O~ MECHANICAL ENGINEERING

~~~~~~~~~~~~~~~~~~ 
‘
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GAS D YNA MICS LABORA TOR Y

V/STOL PROPULSION SYSTEMS

A general study of V/STOL propulsion system methods with particular reference to requirements
of economy and safety .

INTERNAL AERODYNAMICS OF DUCTS, DIFFUSERS AND NOZZLES

An experimental study of the internal aerodynamics of ducts, bends, diffusers and nozzles with
particular reference to the effect of entry flow distortion in geometries involving changes of cross-
sectional area , shape, and axial direction.

SHOCK PRODUCED PLASMA STUDIES

A general theoretical and experimental investigation of the production of high temperature plasma
by means of shock waves generated by electromagnetic and gasdynamic means, and the develop-
ment of diagnostic techniques suitable for a variety of shock geometries and the study of physical
properties of such plasmas.

NON-DESTRUCTIVE SURFACE FLAW DETECTION IN HOT STEEL BILLETS

An eddy-current surface flaw detector is being developed , using a special coil system by which a
three-phase modulated R.F. signal is being electrically rotated round the billet at a rate given by
the modulation frequency. The system displays the angular position of the flaw on a polar oscil-
loscope sweep or numerically, while the signal amplitude represents the depth of the flaw.

HIGH PRESSURE LIQUID JETS

Water Jets ranging in size from 0.002 inch to 0.150 inch , generated by pressures in the range of
10,000 to 100,000 psi, are capable of cutting materials such as paper , cloth, plastics, wood, ice,
masonry, and even some metals.

Laboratory work is directed towards commercial exploitation of this phenomenon by various
industries (e.g. paper , lumber , leather, garments, plastics, fruit , etc. ) and to the detailed study of
the phenomenon i tself in order to improve the efficiency of the process. Experimental studies
directed towards the production of intermittent jets for obtaining h igher stagnation pressures are
continuing.

Experimental studies of rock cutting using water jets have been started and a prototype rotating
rock drill is being developed .

A seal arrangement has been developed which enables a small jewel orifice to be used as a nozzle
which can be operated at pressures up to 60,000 psi. Development for specific applications in
collaboration with industry is continuing.

Research and development work on nozzles to produce cavitating jet s (jets containing vapour
bubbles) is in progress. These nozzles will be used in the investigation of rock fracturing and
cutting other hard materials. Experimental work has begun on the use of water jets for clearing
ice off runway surfaces and for cutting through thick ice ridges.

HEAT TRANSFER STUDIES

Init ial development of a temperature control thermosiphon for an electronic package has been
successfully concluded. Life testing of this device has commenced.

— - 
- ‘
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INTERNAL FLOW STUDIES FOR LOW ENERGY LOSSES AT EXTREME
GEOMETRIES: APPLICATION TO A SPECIFIC INDUSTRIAL DUCT

GAS DYNAMICS LABORATORY
DIVISION OF MECHANICAL ENGINEERING
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COMPUTATIONAL FLUID DYNAMICS

To support the experimental work , numerical simulations are being developed in three areas.

Single-pulse jets from vertically-accelerated liquid-filled rotating cones. This is a two-dimensional,
axisymmetric, unsteady, incompressible flow problem with a free surface, where the liquid is
subjected to large body accelerations.

Fluid dynamics of laser-produced plasmas. The phenomena are considered as two-dimensional,
axisymmetric , unsteady, compressible flow problems in which real gas behaviour is considered.
The approach , which uses Lagrangian formulation , has been used to calculate two cases :

(a) The fluid dynamics of a laser breakdown plasma, with the objective of explaining the
mechanism of beam re-entry into the plasma when beam intensity is reduced.

(b) The interaction of a CO2 laser beam with magnetically confined plasmas. This major problem
is currently being studied numerically as part of a co-operative effort with the Aerospace
Research Laboratory of the University of Washington.

Shock dynamics and fluid dynamics resultin g from synchronized spark discharges on the axis and
discharges on the perimeter of a cylindrical vessel containing hydrogen, to achieve high gas temper-
attires on the axis of the vessel.

GAS TURBINE BLADING STUDIES

A program on the theoretical and experimental study of the performance of highly loaded gas
turbine blading has been undertaken as a collaborative program with industry and universities.

INDUSTRIAL PROCESS, APPARATUS, AND INSTRUMENTATION

There is an appreciable effort , on a continuing basis, directed towards industrial assistance. This
work is of an extremely varied nature and, in general , requires the special facilities and capabilities
available in the laboratory.

Current co-operative projects with manufacturers and users include:

(a) Flow problems associated with industrial gas turbine exhaust systems (Foster Wheeler).
(b) Combustion studies for industrial gas turbine applications (Westinghouse and Rolls-Royce).
(c) Application of thermosiphon as an energy conserving device in industrial applications (Dept.

of Agriculture, Ministry of Transport and Farinon Electric).
(d) Scaled model studies on steel and copper converters to establish relative performance and

ceramic liner deterioration rates (Canadian Liquid Air and Noranda).
(e) High pressure water jet applications in industry (High Pressure Systems Ltd.).
(f) Power turbine nozzle vane studies (Westinghouse).

V
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HIGH SPEED A EROD YNA MICS LABORA TOR Y

CONTROL OF TURBULENT BOUNDARY LAYER IN A THREE-DIMENSIONAL SHOCK
WAVE/BOUNDARY LAYER INTERACTION

The investigation of the three-dimensional interaction between a swept shock wave and a turbulent
boundary layer along a flat wal l at freestream Mach number of 2 and 4 in the 5-in. X 5-in, blow-
down wind tunnel has been completed. Some parts of the work were reported at the AGARD
Spec ialists meeting on ‘Flow Separation ’ at G&tingen , W. Germany, May 1975, and have been
published in the Conference Proceedings, AGARD CP-168. A fuller report will be available as
NRC LR.592.

SETTLING CHAMBER STIJDY IN 5-iN. X 5-IN. WIND TUNNEL

Rev isions to the settling chamber of the 5-ft. X 5-ft . wind tunnel are under consideration to
improve the flow distribution and to decrease the level of pressure fluctuation at the entry to the
stilling section. Model tests will be conducted in the NAE pilot facility .

TWO -DIMENSIONAL TRAN SONIC FLOW STUDIES

Efficient computer programs based on finite difference procedures are available for the design of
supercritical a irf oils and f or  the analysis of supercritical flow. The possibility of using finite ele-
ment methods are being explored with the aim of extending into three-dimensional flow cases.

HIGH REYNOLDS NUMBER PIP E FLOW

This investigation is carried out at the request of and in co-operation with Laval University, Quebec.

The object is to obtain turbulent skin friction data at very high Reynolds number (Re d up to
20 X 106 ) in a pipe. The investigations to date includ e calibration of a range of Preston and
razor blad e surface pitot tubes and mean velocity traverses. Direct skin friction measurements
with a floating element balance is awaiting the commissioning of the balance at Laval University.
Turbulence and noise measurements are also being considered . Analysis of the Preston tube
calibration data has been carried out and the results agree well with semi-empirical theory based
on the logarithmic wall law.

THEORETICAL AND EXPERIMENTAL STUDY OF JET NOISE

Further investiga tions of internal noise in a low speed jet are in progress. More detailed studies
of the interaction of the transmitted sound with the jet flow and some statistical investigation of
the multiple wave scattering by the turbulent eddies will be carried out. Some experiments on
co-axial jets have been performed and measurements of pressure fluctuations in the turbulent
shear layer will be undertaken.

Wave-like large scale eddies have been shown to be the basic characteristic of free turbulent shear —
flows. For circular jets, measurements of the wave development have been made for the axi-
symmetric mode of propagation. Recent experiments show that the jet can also suppor t wave
propagation in helical modes. Some detail measurements have been performed. A report on the
helical mode study will he presented in the 10th ICAS Congress in Ottawa, October 1976.
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THREE-DIMENSIONAL WALL INTERFERENCE EFFECTS

The wall effects in a rectangular wind tunnel test section with perforated walls is being evaluated
using the finite difference method. The effort is concentrated on analysis of the measurements
recently performed on the ON ERA calibration models in the NAE 5-ft. X 5-ft. wind tunnel.

HIGH REYNOLDS NUMBER SUBSONIC FLOW SEPARATION

In preparation for final design of a dual p itot/hot wire traversing probe, several probe shapes have
been tested in a water tunnel. The shape which gave the least flow disturban( e (as shown by flow
visualization) when the probe head was near the wall is now being tested in the tunnel wall bound-
ary layer in order to check out signal processing.

REYNOLDS NUMBER EFFECTS ON TWO-DIMENSIONAL AEROFOILS WITH MECHANICAL
HIGH LIFT DEVICES

An iterative solution of the compressible boundary layer flows about multi-element aerofoils
is being developed . Measurements hav e recently carried out in the NAE high Reynolds num ber
two-dimensional test facility on a multi-element high lift aerofoil , where various conf igurations
were made possible by varying the gap between and the angular settings of the elements. A
pitot probe rake survey of the upper surface flow at the main flap trailing edge was included.
Preliminary analysis of this survey shows regions of reversed flow well before stall .

TESTS IN THE 5-FT. X 5-FT. BLOWDO WN TUNNEL FOR OUTSIDE ORGANIZATIONS

SAAB-Scania, Sweden

Investigations were completed on four different test objects; a 1/30 scale model of a current
aircraft , a series of missile configurations and a 1/13 and a 1/25 scale model of a swept wing
aircraft.

Canadair Limited , Montreal

An investigation of a 1/3 scale model of a reconnaissance drone was commenced.

- is -_______________________________
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H YDRA ULICS LABORA TOR Y

ST.LAWRENCE SHIP CHANNEL

tJnder the sponsorshi p of the Ministry of Transport , a study to improve navigation along the
St Law rence River , using hydraulic and numerical modeling techni ques.

NUMERICAL SIMULATION OF RIVER AND ESTUARY SYSTEMS

Mathematical models have been developed to simulate tidal propagation in estuarie s, wave
refraction in shallow water and littoral drift processes.

DEVELOPMENT OF SPECTRAL ANALYSIS PROGRAM S

For use in the analysis of wave record s and on-line analysis of turbulent diffusion data produced
in the laboratory.

WAVE FORCES ON OFF-SHORE STRUCTURES

Wave flume study to determine design criteri a for off-shore mooring structures.

RANDOM WAVE GENERATION

A study of random waves generated in a laboratory water wave flume by sign als from a computer.

CHURCHILL HARBOUR MODEL STUDY

A hydraulic model study to determine effects of extending wharf facilities at Churchill , Man . on
local flow pattern and the effect of diversion of upland discharge on salinity distribution in estuary .

MIRAMICHI CHANNEL STUDY

A hydraulic model study to determine the feasibility of deepening the navigation channel of the
Miramichi River , N.B.

LOCK MODEL STUDY ON VESSEL SIZE

In co-operation with the Marine Dynamics and Ship Laboratory a model study has been undertaken
to determine the effect of vessel and lock dimensions on the entrance and exit speeds of ships in
locks of the St. Lawrence Seaway .

STABILITY OF RUBBLE MOUND BREAKWATE RS

A flume study for the Department of Public Works to determine stability coefficients of armour
units and the effect of a number of wave parameters on the stability of rubble mound breakwaters .

- is -
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WAV E LOADS ON CAISSON TYPE BREAKWATE RS

A flume study for the Department of Public Works to determine the overall loading, as well as the
pressure distribution on various Caisson-type breakwaters.

W A V E  POWER AS AN ENERGY SOURCE

.\ gener al stud y to assess the wave power available around Canada ’s coast and to evaluate
various proposed schemes to extract this energy . International co-operation is taking place
through th~ International Energy Agency of OECD.
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LOW SPEED AEROD YNA MICS LABORA TOR Y

WIND TUNNEL OPERATIONS

The three major wind tunnels of the Laboratory are: the 15-ft. diameter, open jet , vertical
tunnel; the 6-ft. X 9-ft. closed jet , horizontal tunnel; and the 30-ft. V/STOL tunnel. During
the quarter , 15 program s were undertaken which included work for Canadair Ltd., DeHavilland
Aircraft of Canada Ltd . and irsin Industries Canada Ltd. Adapter stands for the 30-ft . wind
tunnel balance have been made which now enable the Laboratory to undertake full scale auto-
mobile aerodynamic testing.

WIND ENGINEERING

Oynamic sectional model tests of the Lions ’ Gate Bridge have been completed in the 3-ft. X 3-ft.
wind tunnel at the same Reynolds number as for the full aeroelastic model tests done in the
30-ft. wind tunnel. The road deck dynamic behaviour was similar in the two experiments. The
investi gation was made for Buckland and Taylor Limited.

One-tenth scale models of highway tractor trailers in the 6-ft. X 9-ft. wind tunnel were used to
calibrate anemometer locations for full scale fuel consumption road tests. A water tunnel flow
visualization program was completed to complement the previous experiments in the 6-ft. X 9-ft.
tunnel into commercially available drag reduction devices for tractor trailers.

Spectral analysis of field measurements to determine natural frequencies and damping coeffi-
cients of I-beam road deck hangers on the Burton Bridge were completed for the Department
of Transport of New Brun swick.

A wind tunnel investigation was completed in the 15-ft . vertical wind tunnel for the proposed
Polar VII Icebreaker . Smoke funnel effectiveness and airflow quality at the helicopter landing
deck were examined. The Polar VII would be the world’s largest icebreaker. It will he 650 f t .
long and will be powered by diesel and gas turbine engines with a total rating of 90,000 horse-
power. The work has been done for German and Milne , Marine Transportation Consultants
and Naval Architects.

Surfa e pressure measurements on a variety of building configurations are to be undertaken
in the 6-ft. X 9-ft. wind tunnel as part of a collaborative program with the Division of Building
Research on the prediction of air infiltration. The models are now being constructed .

Force measurements were made in the 3-ft. X 3-ft. wind tunnel for Fathom Oceanology Lim i ted
on a streamlined fairing for underwater circular pipes.

Consultation has taken place with Atlantic Bridge Company Limited concerning the design of
unloaders for fishing vessels. The fish are propelled through pipes by a high velocity air-
stream . Calculations of the velocity time history of the fish have been completed .

FLUIDICS

Co-operative studies with D.G. Instruments of a 3-axis air velocity sensor are continuing using
both NRC and industry developed concepts . Studies of vortex excitation of velocity sensor
probes have been carried out in co-operation with Fluidynamic Devices Ltd. A program of
applications of laminar flow in thin passages is being carried out in co-operation with the
Control Systems and Human Engineering Laboratory of DME.
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NUMERICAL METHODS

A correlational theory for the prediction of boundary layer transition has been devised and success-
fully demonstrated in some simple cases which are of interest for the design of airfoils.

The numerical methods are applicable to compressible flows involving heat and mass transfers at
the boundaries.

VERTICAL AXIS WIND TURBINE

Dominion Aluminum Fabricating, Ltd. has delivered six 15-ft. diameter wind turbines to NRC ,
who in turn has shipped these units to interested federal agencies for field trials. These units are
now in operation. DAF are now marketing two sizes (a 15-ft. diameter (4kW) and a 20-ft. diameter
(6kW ) turbine) . Fabrication of the 200kW demonstration unit is proceeding at DAF. Dynamic
tests of a 1/4 scale model of this turbine, in the 30-ft . V/STOL wind tunnel , have been completed .

AERIAL SPRAYING OF PESTICIDES

.\ i ’o-operative program between NAE and the University of New Brunswick , to determine the
droplet size distribution of standard nozzle configurations , has been completed . The experimental
method consisted of photographing droplets in the 50- to 250-micron range using a narrow depth
of focus , and a h igh intensity flash . An electronic detector was also placed in the spray; its func-
t ion was to count the number of droplets in a given size range. The second stage of the experiment
is currently underway with measurements of droplet emissions from a Micronair rotary atomizer
being made.

.~~ iww spray boom design has been tested in co-operation with Con-Air Aviation (Abbotsford, B.C.).
Fhii~ 4 oii figur at ion will hav e significantly less aerodynamic drag than the present installation which
is uwd on the DC-6B aircraf t and is expected to save several hundred horsepower.

Fh.-t~r.~ti si dod experimental studies are continuing on the effects of the vortex wake and other
factor s on t t i ~ swa th width of spray left by a low flying aircraft.

PROPOSED POLAR VII ICEBREA KER IN THE 15-FT.VERT ICAL WIND TUNNEL

LOW SPEED AER ODYNAMICS
NATIONAL AERONAUTICAL ESTABLISHMENT
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LOW TEMPERA TURE LABORATORY

RAILWAY CLIMATIC PROBLEMS

Under the auspices of the NRC Associate Committee on Railway Problems, Sub-Committee on
Climatic Problems, a variety of analytical and experimental work is conducted on a continuing
basis.

ThERMAL PROTECTION OF TRACK SWITCHES

The use of heat to eliminate switch failures from snow and ice is a standard approach to this
problem. Work has been carried out on improving the efficiency of forced convection combustion
heaters and the means of distributing heat to the critical areas of a switch .

HORIZONTAL AIR CURTAIN SWITCH PROTECTOR

A non-thermal method of protecting a switch from failure due to snow has been undergoing
development and evaluation. This method consists of high velocity horizontal air curtains
designed to prevent the deposit of snow in critical areas of a switch. The tests conducted to date
are especially encouraging with respect to yards and terminals. Additional evaluation is required
for the line serivce application.

NEW RAILWAY SWITCH DEVELOPMENT

The ultimate solution to the existing problem of snow and ice failure of the point switch would
appear to be replacement by a new design that is not subject to failure in this way . A switch has
been designed, fabricated, Laboratory tested and has now completed one winter season of field
trials. The design involves only shear loading from snow and ice .

LOCOMOTIVE SANDING EQUIPMENT

An investigation into the various possible modes of failure of a locomotive sanding system resulting
from low temperature has been undertaken. In addition to the expected failures resulting from
moisture freezing in various parts of the pneumatic equipment , two other modes of failure are
being investigated further.

HELICOPTE R DE-ICING

A study of helicopter icing protection involvi ng the evaluation of various systems (thermal , fluid ,
and self-shedding materials) arid the development of de-icing control systems including ice detectors.
The principles for a dynamic ice detector with high sensitivity to be used on helicopters are being
investigated. Investigation of methods of establishing a rate function with the dynamic icing detec-
tion principle is being conducted.

MISCELLANEOUS ICING INVESTIGATIONS

Analytical and experimental investigations of a non-routine nature , and the investigation of certain
aspects of icing simulation and measurement.

TRAWLER ICING

In collaboration with Department of Transport , an investigation of the icing of fishing trawlers and
other vessels under conditions of freezing sea spray , and of methods of combatting the problem.

V
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AIR CUSHION VEHICLE ENVIRONMENTAL PROBLEMS

A study has been started on the deposition of snow on sections representing possible tracks for
guided ACV’s. Snow and ice deposits are being measured and recorded during each winter storm.

A study of snow removal by unconventional methods is being undertaken for high speed transit
systems.

AIRBORNE SNOW CONCENTRATION

To provide statistical data on the airborne mass concentration of falling snow in order to define
suitable design and qualification criteria for flight through snow , measurements of concentration
and related meteorological parameters are being made.

SEA ICE DYNAM ICS

Analytical and experimental work on the techniques of forming low-strength ice from saline
solutions is being carried out in connection with proposed modelling studies of icebreaking ships
and arctic port facilities.

V.
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MA R/NE D YNAMICS AND SHIP LABORA TORY

HIGH SPEED CRAFT

Several models in a systematic series have been studied and others are being prepared to determine
their performance in still water and in waves.

YACHTS

A program of yacht model studies is underway using equipment and techniques developed in the
laboratory .

POLAR ICEBREAKER

A model of a polar icebreaker has been constructed in the laboratory. Extensive studies and
development of its design are being made, including power, wake, manoeuvring, seakeeping and
icebreaking performance.

BULK CARRIER

A model of a dry cargo vessel has been constructed in the laboratory and a carefu l investigation
is being made to determine the feasibility of its unique design.

CABLE FAIRING

Various types of cable fairing s have been investigated for their sway, drag, stacking forces and
alignment properties.

FOIL PROGRAM

An experiment program is to be conducted on a model of a hydrofoil main foil , for which program
a special dynamometer has been built by the laboratory.

HYDROFOIL DESIGN SERIES

A series of five hydrofoil models is being considered and two have been built for investigation of
their hull lift and drag, foil lift and drag seakeeping.

BEHAVIOUR OF SHIPS IN LOCKS

Three radio-controlled Great Lakes cargo vessel models with varying length beam ratios are being
built in the laboratory . A study of their behaviour is to be carried out in a Seaway lock model in
co-operation with the Hydraulics Laboratory. Investigation will be made of the hydrodynaniic
forces acting on the vessels during approach and passage through the locks with a view to re-
commending modifications to the existing lock structures.

OIL DRILLING PLATFORM

Studies on a model are to be made to determine towing forces, joint loading and rotation over a
range of wave length s, speeds, and ballast conditions both in still water and in waves.
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RA iLWAY LABORA TORY

RAILWAY STUDIES

Development of a laser system for measuring angle of attack of the axle to the track.

Assistance to Canadian railroads and T.D.A. (Transport Development Agency ) in an investigation
of the mechanics of the formation of corrugations on the surface of rail in curves under heavy
usage. A short report has been produced. Further tests are being carried out at the Upland s
Laboratory on a grain car loaned by the Canadian Government.

Rebuilding of dynamomenter car supplied by CP Rail for use as a mobile instrument car and
improvements to the present test caboose.

Design and development of a transducer to measure surface movement of wheel and rail during
rolling.

RAILWAY DYNAMICS BUILDIN G (U-89)

The building has been completed.

A rai l access road bed to the building has been completed . An ex perimental switch has been
installed with the assistance of CP Rail.

Development of a computer simulation program for the roller rig in cort~unction wtth the
Analysis Laboratory . A model of the gear box and motor drive system has been implemented.

Design of control room , rail support , and associated structures to be incorporated in the new
building. The weigh scale has been instal led.

Development and construction of the control systems for the drive and position motors of the
track simulator roller stands continuing.

Development of a vehicle vibration stand. Orders have been placed for electro-h ydraulic vibrators
and controllers.

NON-CON 1’ACTING LEVEL GAUGE

Development of a non-contacting servo gauge using stepping motor drive for the measurement of
tidal levels in hydraulic models.

MEDICAL AIDS TO SURGERY

Continued technical support to two local hospital s in the use of prototype and commercial
vessel suturing instruments for clinical surgery, and to their Departments of Experimental
Surgery in organ transplant procedures, arterlo-venous surgery, etc.

A new form of driving mechanism devised to give reduced actuating forces on the larger sizes of
vessel suturing instruments has been proven effective in surgery.

Assistance to Control Systems and Human Engineering Laboratory in the manufacturing of
electrodes to improve the recording of electrospinograms. 
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GENERAL INSTRUMENTATION

The laboratory is co-operating with the Marine Dynamics and Ship Laboratory in the development
of the micro-processor controlled ship motion analyzer.

MEC HANICAL AIDS TO THE HANDICAPPED

A pocketbook page turner has been developed; one model has been evaulated in the Ottawa
Children’s Hospital and will now be sent to Toronto for a trial period with young adults .

INSTRUMENTATION AIDS TO INDUSTRY

Adaptation of the automatic passenger counting system for individual vehicles for use with a
fluorescent light source.

Development of a multi-channel signal condit ioning unit for general use and loan to industry.

Modification of the numerical control (N.C.) editor NCED IT ’ (LTR-IN -300) to suit a fix ed block
format of punched tape information for N.C. machines.

The development of a computer assisted programming aid which wil l allow N.C. tape for a recently
acquired N.C. machining centre to be produced economically and accurately using a mini computer
and tele-typewriter with paper tape reader/punch.

Continued development of manual programming and N.C. machining techniques to demonstrate
the advantages of N .C. machining, e.g. automatic tool changing, simple f ix turing and the use of a
tape controlled indexer for rotation of the work piece.

Proposal s made for measurements of rail tie down forces on sea going vessels are being prepared
in collaboration with M.O.T.

A pocket calculator “chip ” has been tested in a low cost metric conversion system for machine
tool readouts. The present generation of the calculato r chips has been demonstrated to be too
slow for such applications. A micro-processor based equivalent system is now under development.
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STRUCTURES AND MA TERIALS LABORA TOR Y

FATIGUE OF METALS

Studies of the basic fatigu e characteristics of materials under constant and variable amplitude
loading; fatigu e tests on components to obtain basic design data; fati gue tests on components for
validation of design; studies of the statistics of fatigue failures; development of techniques to
sim ulate service fatigue loading.

RESPONSE OF STRUCTURES TO HIGH INTENSITY NOISE

Study of excitation and structure response mechanisms; study of panel damping characteristics
and critical response modes; investigation of fatigue damage laws; industrial hardware evaluation;
investigatio n of j et exhaust noise.

AIRCRAFT AND INDUSTRIAL HYDRAULICS

Cognizance of state of the art maintained in all branches of hydraulics and pneumatics; physica l
properties of hydraulic fluids and aspects of high pressure, high velocity fluid phenomenon under
con ti nu ous study.

OPE RATIONAL LOADS AND LIFE OF AIRCRAFT STRUCTURES

Instrumentation of aircraft for the measurement of flight loads and accelerations; fatigue life
monitorin g and analysis of load and acceleration spectra; full-scale fatigue spectru m testing of
airframes and components.

ELECTRON FRACTOGRAPHY

Qualitative determination of fracture mechanisms in service failures ; fractographic studies of
fatigue crack propagati on rates and modes.

METALLIC MATERIALS

Structure-property relationships in cast and wrought nickel-base superalloys. Studies of the con-
solidation and TMT processing of superalloy powders and compacts by hot isostatic pressing, hot
extrusion and upset forging; studies on mechanical properties. Mechanics of cold isostatic com-
paction of metal powders, properties of hydrostatically extruded solids and compacts , extruded
at pressures up to 1600 MN/m 2. Studies of the oxidation/hot corrosion behaviour of coated and
wicoated refractory metals and superalloys.

MECHANICS AND THEORY OF STRUCTURES

Stresses in multi-cell caissons for marine structures. Stress concentrations at corners of box
structures. Behaviour of plates under high-speed impact , with reference to bird resistance of
alrcraft windshields.

-
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FLIGHT IMPACT SIMULATOR

Simulator developed and calibrated to capability of accelerating a 4- lb. mass to velocity of 1000 ft/
sec and an 8-lb. mass to velocity of 760 ft/sec : operation on year-round basis achieved and includes
use of tempe rature controlled enclosure from —40 ° to +130° F; in addition to airw orthiness certifi-
cation program includes assessment of resistance to impact for materials and structural design for
most types of viewing transparencies.

CALIBRATiON OF FORCE AND VIBRATION MEASURING DEVICES

Facilities available fo r the calibration of governm ent , university, and industrial equipment include
deadweight force standards up to 100,000 lb., dynamic calibration of vibration pick- ups in the
frequency range 10 Hz to 2000 Hz.

COMPOSITE MATERIALS

Studies of composites in cl udin g resins, crosslinking compounds , polymerization initiators , selection
of matrices and reinforcements, app lica tion and fabrication procedures , material properties , and
structural design .

FINITE ELEMENT METHODS

Development and application of finite element methods to structural problems. Development of
refined elements with curved edges. Development of methods for non-linear problems .

MOTOR VEHICLE SAFETY

The mathematical model of the redirection of a vehicle by a cable barrier has been validated ex-
perimentally and effort is now being concentrated on the development of a facility for the dynamic
measurement of the inertial properties of automobiles by suspending them on air bearings. En-
gineering charts for the design of flexible road barriers are being prepared.

In collaboration with Ministry of Transport , Road and Motor Vehicle Traffic Safety Branch , studies
to determine the performance of headlights in the driver passing task are being carried out. Work
is continuing on a system for studying driver performance and traffi c quality by the analysis of
automatically recorded vehicle contro l input and response data.

POLICE EQUIPMENT STANDARDS

The NRC/ CACP Technical Liaison Committee on Police Equi pment is a bilateral arrangement for
bringing together police and government personnel to review police equipment requirements,
equipment performance specifications, and conformance testing procedures. Work of the Com-
mittee is expedited by a permanent Secretariat which has a primary responsibility for continuity
in the activities of a number of Sections, each dealing with a particular area of expertise, and for
co-ordinating work and specialist contributions from various participating Departments and
organizations.
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UNS TEADY AEROD YNA MICS LABORA TOR Y

DYNAMIC STABILITY OF AIRCRAFT

Development of new techniques for dynamic stability experiments (fo r NASA).

Determination of cross-derivatives on an aircraft-like confi guration at high angles of attack.

Exp loratory measu rements of vertical acceleration derivatives at transonic and supersonic speeds.

Development of an electro-mechanical calibrator for the existing dynamic cross-derivative apparatus.

ATMOSPHERIC DISTRIBUTION OF POLLUTANTS

Analysis of the downwind vertical spread of gaseous and aerosol pollutan ts from sources near the
ground , with special emphasis on the effect of atmospheric stability.

Instrumentation of a small mobile laboratory for measurements of the concentration and particle
size of airborne pollutants.

App lication of th e  above detection system to experiments designed to assess the reliability of
analytical methods of dispersion prediction.

TRACE VAPOUR DETECTION

Development of high ly sensitive gas chromatographic techniques for detection of trace quantities
of vapours of pesticides , explosives and fluorocarbons.

Sensitivity evaluation of commercially available explosive detectors.

Airborne and ground-vehicle based measurements of the spread and distribution of various aerosols
and tracer gases.

WORK FOR OUTSIDE ORGANIZATIONS

Wind tunnel experiments for the Defence Research Establishment , Valcartier, involving static
force- and-moment measurements, hinge-moment measurements and high-speed cine-camera
experiments.

Development and construction of a four-component control-surface balance for the above.

Dynamic moment measurements and flow visualization studies for NASA , using wind tunnel
facilities at NAE and at NASA Ames.

Feasibility and design studies for NASA.

Gas-chromatographic experiments for the Department of Transport.
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PUBL ICA TIONS

The following unclassified reports were released during the quarter:

\FItO~ \I TiC \ I .  B F1’ORTS

LR-59 1 CONTROLLED ANI ) UNCONTROLLED FLOW SEPARATION IN THREE
I)lM EN S I O N S .

l’eake , l) .J., National Aeronautical Establishment , Jul y 1976.

The advantages of swept , sharp edges that generate controlled (or fixed ) three-dimensional flow
separations on a vehicle — because of the qualitatively unchanging flowfie ld developed throughout
the ra nge of flight conditions — are promoted in preference to allowing uncontrolled (or un f ixed )
separations.

‘l’h e th ree-dimensional viscous flowfields and vortical interactions about typical components such
as delta wings and bodies at incidence are discussed , i n apposition to their use on selected examp les
of cu rrent flight vehic les.

LR-592 TH REE -DIMENSIONAL SWEPT S H O C K/T U R B U L E N T  B O U N D A R Y- L A Y E R

SEPARATIONS WIT h - I CONTROL BY AIR INJECTION.

Peak e, 1).J., National Aeronautical Establishment , July 1976.

Experimentally determined wall pressure distributions , local surface shear stresses and their direc-
tions , and detailed turbulent boundary-layer traverses in near zero heat transfer conditions , are
presented through skewed shock/boundary-layer interaction regions generated by a wedge standing
normal to a test wall. The mainstream Mach numbers were 2 and 4 , while the Reynolds number
based on the undisturhed test boundary-layer thickness of 0.2-in., growing along the nozzle side-
wall of the NA E 5 5-in. bl owdown wind tunnel , was — 2 X 105 .

Tangential air injection at a jet exit Mach number of 3 was then introduced into the 3D shock
separated Mach 2 boundary laye r , to control the separation. The optimum direction of blowing
was found to be along a line somewhere between the deflected surface of the wedge and the line
of the obli que shock wave.

~IECIl \ \ I C \I .  F~~cI~~EERl~~(; REPORTS

ME -2 i3 MOi)EL S’I’L l)Y OF A PROI~OSED EN (; INEER ING ACOUSTIC RESEARCH
FACILITY .

Johnston , G.W., Rueter , F., (‘happel l , M S., Division of Mechanical Engineering,
July 1976.

A one-twelfth scale aeroacoustic model of a proposed engineering acoustic research facility has
been tested to assess the background noise levels in the anechoic measurement area , and to
develop a suitable exhaust collector for deflected jet conditions. The facility comprises an open
circ uit , open jet wind tunnel with an anechoic space surrounding the test section.

Collector configurations with acceptably low background noise and low sensitivity to jet deflection
have been defined , hut these features were achieved at the expense of some aerodynamic efficiency

V
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~lE ClIAr ~ICAL. I N E E R I N G  REPORTS (( ont ’d)

MP-70 STUDY OF MIXTURES OF METHANE AND CARBO N DIOXIDE AS FUELS IN
A SINGLE CYLINDER ENGINE (CLR)

Wong, J.K.S., Division of Mechanical Engineering, September 1976.

A single cylinder four stroke engine (CLR) was used to investigate the feasibility of using mixtures
of methane and carbon dioxide as an alternate fuel. Effects of fuel quality on engine power out-
put and brake specific fuel consumption were investigated at 800, 1600, 2400, 2800 and 3200
rpm using full throttle setting with various spark timing, equivalence ratio and maximum load .
Results indicated that using fuel mixtures having quality of 65/35 or better in methane and carbon
dioxide ratio along with optimum spark tim ing and operating equivalence ratio corresponding to
maximum fuel economy, engine power losses and brake specific fuel consumption increases could
be kept below 10~ compared to the maximum power produced with pure methane fuel.

LABORATORY TECH N ICAL REPORTS

N atioiial Aeronautical Estahlishment

LTR-FR-52 MacPherson , J.I ., Bobbitt , N .R.

A Weather Modification Experiment for Forest Fire Control. NAE Partici pation
and Results for 1975.
April 1976.

LTR-UA-35 Anstey, C R .

Feasibility -Study of a 2.5 Inch Diameter Hig h-Load Dynamic . . pparatus for Moment
Derivatives Due to Rolling.
July 1976.

LTR-UA-37  Crabbe , R.S.

Examination of Gradient-Transfer Theory fo r Vertical Diffusion Over Mesoscale
Distances Using Instrumented Aircraft.
August 1976.

Division ul ~l eclianical E n g ineering

LTR-AN-30 Gagne, R .E., I nrig, C.M.L.

BUGOFF — An On-Line Interactive Debugging Package for Digital and Hybrid
Computers.
September 1976.

[.TR-(’S-156 Isnor , C. D.

Video Camera and Storage System: Checkout Set Up and Operations Manual .
May 1976.

LTR-CS-157 Meunier , C.

Redesigned Positive Stop Feature for Surgical Pneumatic Drill.
July 1976. 
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I •\ BOIt \TO R Y T E C h  ~ I( A I. REPORT S (CoIit ’(l)

I) i~isioii of ~1e hanieal Eiig ineering (Cont ’d

LT R- CS-159  Schwartz , J.-L.

An Elec tronic Current-Voltag e Processor for Membrane Voltage-Clam p Experiments.
August 1976.

LTR- EN C 5O Krishnappa , C.. Bassett, R .W.

Some Ae rodynamic and Noise Measurements on Two Centrifugal Blowers.
Jul y 1976

LIR- GD-42 Savic , P.

Heat Generation in Elastomeric Roll Covers During Pressing Operation. Part 2 —

The Four-Parameter Body.
September 1976.

LTR-GD- -tl Tyler , R.A.

.\ Novel Industria l Duct: Model Test Results .
September 1976.

L TR- IIY-52 Funke , E.R ., Barnes, S.A.

Production of Mode l Armour Units for Scale Breakwaters.
August 1976.

LTR-I-IY-53 Modgridge G.R., Baird , W.F.

Estimates of the Power of Wind-Generated Water Waves at Some Canadian (‘oastal
Locations.
Augu st 1976.

l;F R-IN- 3 52 .-\ero Photo Inc., Ste Foy , P.Q.
Calibration (Jul y 22 , 1976 1

LTR-L’l ’ -h5 Coveney, I ) .B ., Lane, J .F.

The “Cyclone Switch Heater” for Railway Track Switches.
May 1976.

LTR-L’I -69 Stallahras~. J .R.

Supe rcooled Eog and Rime Icing Condi tions at Ottawa on 25 and 26 February 1976.
August  1971i.

L I  R- I ;I  .72 Lane ’ . J .F ., Shulhan , G.M., Martin , ItA. —

Sea Ire Dyti amics Proj ect First l’ rugr v s.s Report.
June 1976.
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~I IS CELL A NFA ) I - S  PAPERS

C ooper . K R.,  Irwi n , l-l. P .A .l I . ,  Wardlaw , R.L . Aerodynamic I nvestigations of In-l ine Slender
‘l owers for Heavy Water Plants . Proceedings of the National Structural Engineering Conference —

Me thod s of Structural Analysis, Madison , W isconsin , 22-25 August 1976.

Cooper . K .R. Wind Tunnel Investigations of Eight Commercially Available I)evices for the Reduc .
t i on of the Aerodynamic Drag on Trucks. Proceedings of the Annual Conference of the Road s
and Transportation Association of Canada , Quebec City, 15 Septem ber 1976.

(‘ouper , K. l t., Holmes , B. Article on Aerodynamic I)rag Reducing I)evices for Trucks — Motor
Truck . September 1976.

Cooper , K. R . “Moto rcycle Aerodynamics ”, Cycle, Vol. XXV II , No . 9, December 1976.

Gagne , R E .  Computer-Aided Study of the Scheduling of a BOF Shop. DME Newsletter ,
Computers , Vol. 6, No. 1, July 1976.

Cagne , R E .  Computer-Aided Design of a Satellite Attitude Control Systems. DME Newslett er ,
Computers , Vol. 6. No. 2 , July 1976.

Gould , I) .C. Measurements of the Aerodynamic Stability Derivatives of the T-33 .-~ircraft.
Part .-\ - - Longitudinal Tests. NAE Lab. Memo FR-75 , Augu st 1976.

Graefe , P.W.V., Nenone n , L.K. , Neimanis, M.V., Woodside , (‘ NI , Matte Allocation in a Copper
Smelter. Proc. 2nd IFAC Symposium on Automation in Mining,  Mi neral and Metal Processi ng.
Johannesb urg, South A frica , September 1976.

Hughes , P, ( ’ ., Abd el- Rahman , T M , Nonlinear Attitude Control of Very Flexible Communications
Satellites. Insti tute for Aerospace Studies , Un iversity of Tor onto , Final Report I)SS Contract
oSt:5-olol . Jul y 1976.

Immarigeon , J. - P. , Wallace , X V ., Van [)runen , G. * The I-lot Working Behaviour of Mar M200
Superal loy (‘ompacts . Presented at the Third International Conference on Superalloys , held in
( ‘hampion , Penn., September 12-15 , 1976. Supera lloys-Metallur ~ ’ & Manufa c ture Proceedings
of the 3rd Internationa l ~vrnp osium , published by Claitors Publishing Div., Batton R ouge ,
Louisiana , p. 463.

K rzym ieii , NI. ,  Ehas . L. A Continuous-flow Trace Vapour Source. Journal of Physics K :
Sc ientif ic Instr uments , Vol. 9, No. 7 , 1976, PP~ 584-586.

Lau , .J ,. N ia rgerum , J . App lication of Pulsed Plasma Accelerators in Thermal Spray i ng. 8th
International ‘Ih erma l Spraying Conference , M iam i Beach , Florida , U . S.A., September 27~October 1,
19 7G.

Lee , B .II .K. Near-Field Studies of a Choked Jet Seeded with Upstream Sound. A I A A  Journal ,
Vol ume 14 , No. 2 , Febru ary 1976.

I , re , B . I I .K.  Some Measurements of Spatial Instabili ty Waves in a Round Jet. AIA1\ Journal .
Vo lume 14 , No . 3, March 1976.

* ~‘~est ingho use , Canada

V
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\lac Hattie , L.B. **, I saac, G .A . *, Bobhitt , N .R .  Prospec ts for Economic Suppression of Large
Forest Fires 1w Induced Showers. Inf .  Rep. F’F-X-59 , Forest Fire Research Ins t i tu t e , J une 1976.

Mc Lean , P. 1) ., Scott . hi . F’. P r t - a c t i v a t i u n  of E poxide Resins . I’ r ,’s ri t rd at the 22nd Meeting of
TTCP Panel ‘I’P3 Organic Material s, Boston , Mass., .Iuly 1976. ‘h o he Published in Proceed ings.

Mc Lean . P. I ) .. Scott , hi . F . ,  Kr u -ht ~~, L. ~~~ A Pos ition Statement hs’ ( ‘anada on Composite
Material . Presented at the 22nd Meeting of ‘VI’(’P Panel ‘I’l’3 Organic Mater ia l s . Boston , Mass .,
July 197G To be Published in Proceedings.

M )el lenk arn l) , G . E ., Scott , ,l .N . ,  Farmer , El i .  A (‘ompressor Station Mini-Computer Sy st 4 m for
(‘ontrol , Monito ring and ‘l’elern et ery . Proc . 13 \~orld Gas Conference , London , E ngland , 1976.
( In te rnational Gas Union , 17 Groveneor ( res . London , S W I X  7E S)

Mogridge , C R., ,Jamieson , W. W .  Wave Forces on Square ( ‘ a issons. Proc . 15th Coasta l Engin eering
Conference , Honolulu , Hawaii , July 1976.

Ne iman is, M V ., Woodside , C M . ,  G rat ’fe , U . N enonen , L.K . Matte Allocation in a Copper Smelter.
Proceedings of the Second I FA ( ’  Symposium on Automation in Mining, Mine ral and Metal Pro-
cessing . Johannesbu rg, Republic of South Afri c a , 13-17 September 1976.

Pratte , }3.D. The Churchill River Salt-Water Tidal Model. Proc . 15th Coastal Engineering (‘onference ,
Honol u lu , Hawaii , 11-17 Jul y 1976.

Rang i . R.S. Recent Canadian Act ivi t i e s  in W ind Power , Vol. I. Proceedings of Joint Conference
“Sharing the Sun ” Sponsored by ISES and SESCI , Winni peg, Man., 15-20 August 1976.

Romero-Sierr a , C., Tanner , J.A .,  Roomi , M W., Bigu del Bla nco, J. Bipolar Electromagnetic F ield
.•~pplicator for Skin Wound Repair . Workshop presented at 11th International (‘onference on
Medical and Biological Engineering. Published in Workshop Proceedings , August 1976, P~ - 4- 1- 45.

Rueter , F’ ., Giroux , G.J., Fowler , H. S. Comparison of the Performance of Slotted and Solid
Aerofo il Blades in a Centrifugal Impeller. NRC Engine Laboratory Memorandum N R ( ’ - ENG-88 ,
July 1976.

Savic , P., K ekez , M.M. Further Support of the Hypersonic and Volterra Models of Spark Channel
I)evelopment. 4th International Conference on Gas Discharges , Swansea , U.K ., September 1976,
p. 129.

Sh~rman , N.K., Loka n , K.H., Gellie , R.W. Photoneutrons from ~ F. Published in Canadian
Journal of Physics , Vol. 54 , No. 11, 1976, pp. 1178-1189.

Templin , R.J ., South , P. Canadian Wind Ener gy Program . Proceedings of the Vertical-Axis Wind
Turbine Technology Workshop, Albuquerque , N ew M exico , 17-20 May 1976.

Tucker , ILG. Directional Anemometer for Near-Ground Aircraft Vortex Wake Detection. DME
Newsletter , Vol. 8, No. 2, July 1976.

* Atmospheric Environment Service
** Canad ian Forestry Service
~~~ I)ept. of National Defence , Ottawa , Ontario
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Wal lace , W ., Trenouth , J.M ., Daw , J.D. * Microstructura l Instabilities in an Industrial Gas Turbine
Engine Vane. Metallurg ical Transactions, Vol. 7A , Issue 7, 1976 , pp. 991-997.

Wiebe , W. The Use of the TEM as a Diagnostic Tool for Metal Fracture. Presented at the Third
Annual Meeting of the Microscopical Society of Canada, University of Ottawa, Ottawa, Ontario ,
23 June 1976. Published in Proceedings .

U~~PUBLI SHEI ) PAPERS

Brier ley, W. H., Vijay , M.M. Experimental and Theoretical Investigations of Hydraulic Rock
Cutting. 31st Annual Petroleum Mech anical Engineering Conference , Mex ico City , 19-23 September
1976.

Caiger , B. The Recovery and Analysis of Accident Data from Flight Recorders in Canad ian Transport
Aircraft. Presented at AGARD Fligh t Mechanics Symposium on Operational Experience and its
Impact on Safety and Suriivabiity, Sandefjord , Norway, 31 May-3 June 1976.

Chan , A W.  An Introduction to Industrial Engineering and Operations Research. Analysis Lab.
Seminar , 29 September 1976.

Cooper , K.R. Aerodynamic Investigations of Surface Vehicles. Canadian Wind Engi neering
Workshop, Toronto , 23-24 September 1976.

Crabbe, R.S. A Study of Vertical Diffusion in the Atmosphere Using Airborne G as-Chr omatography
and Numerical Modelling. Presen ted at the NBS Symposium on Methods and Standards for
Environmental Measurement , Gai thersburg, Md ., 20-24 September 1976.

Elias , L. In-situ Quantification of Background Halo—Fluoroc arbon Levels. Presented at the NBS
Symposium on Methods and Standards for Environmental Measu rement, (‘,aithershurg , Md .,
20-24 September 1976.

Graefe , P.W. U . Print Shop Order Streaming. Analysis Lab. Seminar , 8 September 1976.

Hewitt , ILL., Wallace , W. A Model of Powder Compaction. Presented at the Canadian Metal
Physics Conference , Kingston , Ontario , June 1976.

Isaa c, G .A. **, MacPherson , J.I. , MacHattie , L.B. *** Cumulus Cloud Seeding for Forest F ire
Control - - Prelim inary Seeding Experiments. Presented at Ten th Congress of the Canadian
Meteorological Society, Laval University , Quebec City, 2&-28 May 1976.

Templin , R.J., Sou th , P. Some Design Aspects of High-Speed Vertical -Axis Wind Turbines .
Paper delivered to International Symposium on Wind Energy Systems , Cambridge , England ,
7-9 September 1976. (To be Pu blished in Proceedings).

Temp lin , R.J. Wind Energy Research in Canada. Canadian Wind Engineering Workshop, Toronto,
23-24 September 1976.

* Westinghouse Canada, Ham ilton, Onta rio
** Atmospheric Environment Service

** * Canadian Forestry Service

V
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.4

Wardhaw . R .L .W. Problems in the Design of Structures Against Wind Action. Engineering Founda-
tion Conference, Full-Scale Structural Testing, Rindge , New Hampshir e, 19-23 July 1976.

TECHNICAL TRANSLATIONS

The following translations requested by NAE staff were published in our Technical Translation
series in the quarter ending September 30, 1976.

rF-1883 U.S.S.R. Ministry of Railroads, All-Union Research Institute of Railroads.

$2.20 Properties of Volume-Hardened Rails (Brinell Hardness 331-388 ) used on Soviet
Railroads. (Svoistva ob’emno-zakalennykh rel’sov (s tverdost’yu poryadka 331-388
edin its p0 Brinellyu), ispol ’zuemykh na zheleznykh dorogak h SSSR).

— UI_u ~~-~~~ -z- - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ‘—. ..- - 

r~ *s.i’ ~
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AER ONAUT/CAL AND MECHANICA L ENGINEERING LIBRARY

Statistical Summary for July 1 — Septem ber 30, 1976

I)ocuments accessioned (including duplicates) 3821

Cards added to catalogue 6639

Hooks received 1135

Bound per iodicals received

Loans to NRC staff (including Periodical circulation and Xerox and Microfiche
c~pies in lieu of loans) 4520

Loans and distribution to outsiders 2892

Total circulation 7412

Information inquiries (quick references) 5360

Literature searches and bibliographies 402

NOTE: The Uplands Library is no longer a sub-branch of the Aero/ME Library . However , all
documen ts for the Uplands Library are indexed and all document catalogue cards
produced by the Aeronautical and Mechanical Engineering Library .
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UPLAND S L IBRARY

Statistical Summary for July 1 — September 30, 1976

Regular loans made to NRC divisional staf f 682

Loans to CISII and NRC branch libraries 104

Loans to outside NR ( ’ : a. Universities 9
b. Industries 2 21
c. Govt. Depts 10

Penm x lic al rapid circulat ion 1017

X m r u x e d  copies supp lied in lieu of loans 166

TOTAL LOANS FOR THE QUARTER 1990

Documents accessioned (including duplicates ) 721

Cards added to catalogue: a. Book cat 390
h. Document 3177J 3567

Books received 29

Hound periodicals received 33

Information inquiries (quick reference) 888

Literatur e searches 118
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