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CHAPTER 7 

WIND PROTECTION BY FENCE WINDBREAKS - INTRODUCTION, 

THEORY AND LITERATURE REVIEW 

7.1 INTRODUCTION 

This part of the thesis examines the problem of wind protection by 

fences. Reports of the performance of windbreaks show frequent disagree-

ment between results of different field tests of similar windbreaks, and 

between results of field tests and wind tunnel tests. In addition, there 

is a scarcity of turbulence measurements in the flow downstream from wind

breaks, and uncertainty as to the optimum permeability for a windbreak. 
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In this chapter the state of the art in the theory and application of wind-

breaks is reviewed. In Chapter 8 results of mean velocity and turbulence 

measurements in the lee of wind tunnel-modelled shelter fences of various 

permeabilities are reported. All analytical discussion of the results is 

presented in Chapter 9. These measurements were carried out with the 

object of obtaining a clearer picture of the leeward flow field, and in 

particular, to provide :-

(i) a stronger justification for accepting results of model 

fence tests as indicative of full scale performance; 

(ii) a more quantitative relationship between mean velocity 

reduction and turbulent intensity downstream of shelter 

fences. 

The experiments were carried out in the neutrally stable simulated rural 

boundary layer described in 6.4. 

The use of windbreaks and shelterbelts in agriculture is widespread. 

Plate (1971) comments, "Shelterbelts belong in the class of earliest devices 

that man used to improve climatic conditions to serve his agricultural needs. 

The necessity for them may have been as readily apparent to the early farmers 

in Denmark who saw their crops suffering from exposure to the relentless 

winds blowing off the North and Baltic Seas, as it became apparent to the 

Oklahoma farmer in the thirties whose topsoil was lifted off the ground and 

carried away in dust storms". The main effect of a windbreak or shelter

belt is to reduce surface windspeed. Changes in microclimate, soil climate, 

plant growth and animal life in the vicinity of a windbreak or shelterbelt 

are mostly a consequence of the reduction in windspeed. 
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The term shelterbelt refers to a barrier of trees and/or shrubs used 

in agriculture to reduce wind velocity, wind erosion and evaporation, to 

protect crops, control snow-drifting and give shelter to animals, homes and 

farm buildings. The term windbreak may be used synonymously with shelter

belt, but generally refers to a barrier of lesser height and length, protect

ing a smaller area. Further, the windbreak may be naturally grown, or be 

an artificial barrier such as a slatted wooden fence or a stone wall. The 

experiments in this project dealt only with artificial, fence windbreaks, 

but results should be applicable to naturally grown windbreaks of similar 

permeability. 

No discussion will be given on secondary effects of windbreaks such as 

changes to microclimate, soil-climate or crop yields. These topics are 

well covered by the following authors Bates (1937), Gloyne (1955), Caborn 

(1957), George (1960, 1971), Stoeckeler (1962) and van Eimern et al (1964). 

The report of van Eimern et al provides a good summary of information prior 

to 1962. 

7.2 WINDBREAK AERODYNAMICS 

7.2.1 Theoretical Models, Windbreak Drag Coefficients: 

The aerodynamic action of a windbreak is simple in principle. The wind

break exerts a drag force on the wind field, causing a nett loss of momentum 

in the incompressible air flow, and thus a sheltering effect. As the perm

eability of a windbreak is reduced, the 'bleed flow' through the windbreak 

decreases and the windbreak drag increases. This is accompanied by a greater 

upward deflection of the approach flow, and below a certain permeability, a 

region of large scale separated flow in the lee of the windbreak. The more 

impermeable the barrier, the stronger appears to be the turbulent eddying 

in the separation zone, and the steeper the return of the displacement.flow 

to ground at its downstream reattachment point (see Fig. 7.1). Kaiser (1959) 

was probably the first to make the distinction between 'mean wind reduction' 

and 'wind protection', pointing out that while a less permeable windbreak 

may give a greater reduction in mean wind velocity, the greater turbulence 

in its wake may make it less effective overall for wind protection than a 

more permeable windbreak. 

The intractibility of the Navier-Stokes equations to solution in the 

highly turbulent flow in the region of a windbreak, has inevitably led to 

a preference for empirical descriptions of airflow over windbreaks, based 

on field and wind tunnel data. Reviews of the literature on the shelter 
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effect of windb~eaks, prior to 1962, have been given by Caborn (1957) and 

van Eimern et al (1964.) Theoretical aspects of flow over windbreaks, or the 

the idealised case of flow over a barrier mounted normal to a wall, have 

been considered by Woodruff and Zingg (1952), Arie and Rouse (1956), de Bray 

(1956, 1971), Kaiser (1959), Baltaxe (1967), Good and Joubert (1968), Valensi 

& Rebont (1969) , Plate (1971) and Seginer and Sagi (1972) • 

Kaiser (1959) gives a theoretical flow model for a permeable windbreak. 

The analysis treats first the top edge of the fence, and later the whole surf

ace of the fence, as a momentum sink, and the three dimensional diffusion equ

ation is applied in analogy to the diffusion of smoke downstream of a chimney. 

The theory gives a qualitatively correct prediction of mean wind reduction in 

the lee of a windbreak, but overestimates the reduction of mean wind velocity 

in the sheltered zone. This overestimation was illustrated by comparing 

streamline plots from the theoretical model with field results of Naegeli 

(1953). Kaiser's model correctly predicted effects of changes in approach 

flow turbulence structure and windbreak permeability on the leeward shelter 

given by a windbreak. 

in practice. 

Kaiser's theory would be very complicated to apply 

Fig. 7.2, after Plate (1971) shows profiles of mean velocity and turb

ulence parameters downstream of a solid wedge-shaped barrier tested in a wind 

tunnel. Similar measurements are given by Arie and Rouse (1956). Mean 

velocity profiles and streamlines behind a solid barrier in a smooth wall 

turbulent boundary layer, measured by Good and Joubert (1968) are shown in 

Fig. 7. 3. All these measurements have in common a region of high mean 

velocity gradient , dU/dz, across a curve which is the locus of all veloc-

ities equal to half the free stream velocity, U . 
00 

This curve coincides 

with the separation streamline near the upper edge of the barrier. If 

the curve U/U = ~ is taken as the intrinsic x axis, with the z co-oo 
ordinate measured from it, then the mean velocity distribution across the 

intrinsic axis may be given by the error function 
uoo + ub 

u = 
2 

(1 - A erfi;) •••• (7 .1) 

-Ub = bleed flow velocity. 

where C = cr [;}and a is an empirical constant, and A = 

Plate (1971) outlines the derivation of Eqn 7.1, and also shows that the 

shear stress -puw will have a Gaussian distribution (shown to be approximate-

ly true for the solid barrier in Fig. 7.2b). The model on which Eqn 7.1 is 

based considers an upper stream velocity U joined along the separation 
r oo' 
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-streamline to a lower stream of velocity Ub (where ub = 0 with a solid 

barrier). Plate points out that the analytical model fails when the ground 

starts to affect the blending region between the two streams. 

The use of Eqn 7.1 to describe the mean velocity distribution in the 

vicinity of the separation streamline, requires first the knowledge of the 

height of the line U/U = ~. 
00 

This must be determined experimentally. Plate 

(1971) relates the height of the line U/U = ~ to the windbreak drag 
00 -coefficient and the bleed velocity ub. The effect of the shelter on 

the separation streamline is considered in an analysis which neglects shear 

at the lower boundary (ground) as shown in Fig. 7.4. In the simplified 

model, the barrier, assumed porous for generality, introduces a momentum sink, 

which leads to a deceleration of the flow upstream from U
00 

to Ub' and to an 

upward deflection of the streamlines as a result of mass conservation. A 

measure of the streamline displacement, or of the vertical extent of the 

sheltered area is obtained by considering conservation of mass and momentum 

in the control volume ABCD of Fig. 7.4. The change in momentum in the 

x-direction is balanced by external forces in the x-direction. The effect 

of blending is neglected by assuming CD is close to the barrier, and mom-

entum flux across BC is taken into account. 

to the equation: 

= 

H = barrier height. 

The momentum balance leads 

.... 7 .2) 

Where CD is the drag coefficient, and Q the base pressure 

coefficient, defined by: 

= 
-2 

~pU H 
00 

= 

-Pb base pressure; P
00 

= free stream static pressure. 

p 

Q = 
00 

-2 
~pU 

00 

Equation 7.2 was found to give good agreement with experimental data 

of Arie and Rouse (1956) for a s6lid flat flate mounted normal to a wall in 

a uniform stream, and correctly shows that as Ub/U
00 

decreases with decreasing 
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windbreak permeability, H*/H increases with the stronger displacement flow. 

This equation cannot be expected to give quantitatively correct information 

in the rough wall boundary layer flows that are usual in the atmosphere. In 

the present work, it was attempted to extend Plate's simple model of Fig. 7.4 

to the case where a power law mean velocity profile was assumed in the approach 

flow. However, the prediction of the value of H*/H evolved to be too sens-

itive to the choice of power law exponent, a, in the approach flow and to 

the choice of control volume depth, L. 

Seginer and Sagi (1972) also consider a control volume analysis of the 

streamwise momentum loss in the flow over a windbreak. Surface shear stress 

was included, and control volume depth, L, chosen so that there was no 

transport of streamwise momentum out of the top of the control volume. The 

theory predicts windbreak drag coefficients which are lower than those meas

ured in experiments with model windbreaks by a factor of 2 or more. The 

fault appears to relate to: 

(i) the assumption of identical mean velocity profiles entering 

and leaving the control volume; 

(ii) the assumption that the shear stress at the top of the control 

volume (equivalent to surface BC in Fig. 7.4) was equal to 

T
0

, the approach flow surface shear stress; 

(iii) the assumption of a leeward ground shear stress distrib~bion 

given by 

T = 

(Seginer confirmed in a personal communication that at least assumptions (i) 

and (iii) were faulty). 

The theoretical windbreak drag expressions have not been treated in 

detail above, because of their failure to accurately predict drag coeffic-

ients. At present, it does not seem possible to relate windbreak drag to 

the leeward flow patterns when the windbreak is mounted in a rough wall 

boundary layer, and to the engineer it is the leeward flow patterns and re-

duction in mean wind velocity that are of most importance. However, a wind-

break that exerts a lower drag on the wind for a given reduction in mean wind 

velocity, requires to be less strongly constructed. Thus while theoretical 

expressions for windbreak drag such as Eqn 7.2 may be of little use in pract

ical calculations, it is important to qualitatively relate windbreak drag 

to windbreak permeability and approach flow boundary layer structure. Ex

perimental data from wind tunnel and field tests show that windbreak drag 

increases with : 



(a) 

(b) 
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decreasing windbreak permeability; 

an increase in the ratio H/z , or a decrease in the roughness 
0 

of the terrain in relation to the windbreak height. 

In regard to (b) above, Plate (1971) suggests a drag law of the form 

= = .... p.3) 

(A and B are constants) 

Eqn 7.3 was suggested in analogy to a drag law derived by Good and Joubert 

(1968) for impermeable barriers mounted in a smooth wall boundary layer. 

Good and Joubert showed that for H/o less than 0.5, the drag coefficient CD 
is given by: 

* 

FD [u:HJ CD = = 277 log
10 

- 268 .... (7. 4) 2 * l;zpu* H 

(In Equations 7.3 and 7.4, u* is the friction velocity in the approach flow). 

For larger values of H/8 this was modified to 

= 277 loglot:HJ - 268 + P.<J>[-fJ 

and tables of the (positive) drag deviation functionR¢[-fJ were given. 

Data given by Good and Joubert (see Fig. 7.5) showed the increase in drag 

that occurred as H/8 increased. It would be expected that for very large 

values of H/o 

approach flow. 

CD would approach a constant value characteristic of uniform 

Equations 7.3 and 7.4 correspond to the respective logarith-

mic laws of the wall for fully aerodynamically rough and aerodynamically 

smooth wall mean velocity profiles. In general, Equations 7.3 and 7.4 

predict that the smoother the terrain on which a windbreak of given height 

and permeability is erected, the higher will be the windbreak drag coefficient, 

and, by inference, the greater the reduction in mean velocity in the lee of 

the windbreak. 

In the following sections, effects of approach flow boundary layer 

structure, mean velocity and windbreak permeability on the leeward wind 

velocity reduction, are discussed. Where relevant, further comments regard-

ing windbreak drag coefficients are made. 

7.2.2 Influence of Approach Wind Mean Velocity Profile and 

Turbulence Structure on Windbreak Performance: 

The approach wind boundary layer structure strongly influences the flow 

patterns downstream from a windbreak. It was not until the late 1950's that 
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this was realised, and consequently the value of earlier research has been 

somewhat lessened for two reasons ·-

(a) reports of differences in full scale windbreak performance 

cannot be analysed in terms of approach flow mean velocity 

profile or turbulence, as these were rarely specified; 

(b) earlier wind tunnel studies of model windbreaks failed to 

accurately predict full scale performance, because tests were 

run in the smooth wall boundary layer typical of aeronautical 

wind tunnels, but atypical of the atmospheric boundary layer. 
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The influence of approach flow structure may be first considered by comparing 

flow reattachment distances in different tests. The simplest fluid mechan-

ical analogy to flow over a windbreak is the two-dimensional flow of a uniform 

low turbulence stream over a normal impermeable plate spanning a wind tunnel 

working section. With a symmetrically located tail plate, as shown in Fig. 

7.6, oscillation of the wake is prevented. Arie and Rouse (1956) used such 

an arrangement. Their experiments showed that the separation line behind 

the normal plate (~ = 0) was close to a Rankine oval, and the displacement 

flow reached a maximum velocity of -1.2 U
00 

about 8H downstream and 3.5H above 

'ground'. Above a Reynolds number U00H/~, of about 104 , flow patterns were 
5 

found to be essentially constant in form, and in particular at Re -10 , a 

reattachment distance x/H ~ 17 and a drag coefficient CD ~ 1.4 were found. 

A more realistic model for windbreak airflow is an 'infinitely' long, 

thin, impermeable fence, mounted normal to a smooth wall. The flow approach-

ing the fence is now no longer irrotational, the fence being immersed in a 

boundary layer of indefinite thickness. Fig. 7.1 shows that with this flow 

there are separation zones both upstream and downstream of the fence. 

Fig. 7.3, after Good & Joubert (1968), is an example of flow over a solid 

fence in a smooth wall boundary layer. In this figure 5 ;5 appears max oo 

to occur at x/H ~ 2, z/H ~ 2.3, and the reattachment distance is x/H ~ 13.25. 

The corresponding drag coefficient was calculated as CD = 1.28. The 

Reynolds number for this test was 5 H/~ = 1.76 x 105 . Fricke and Stevenson 
00 

(1968) also found reattachment distances x/H~ 14 testing solid fences in 

a smooth wall boundary layer. 

Progressing then to the fully rough boundary layer flow, de Bray (1971) 

tested fences in a partially simulated atmospheric boundary layer generated 

by a curved perforated metal screen, with and without additional floor rough

ness in the form of small wooden blocks. Here reattachment distances of 

11.6H and 11.2H were found for incident mean velocity profiles that were 

1/7 and 1/4 power law respectively. The corresponding drag coefficients 
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were 0.72 and 0.66 respectively. Finally, in the atmosphere, reattach-

ment distances of~lOH to~l5H occur, although these are not often measured 

in field tests. 

The above examples show clearly that with solid fences, the more turb

ulent the approach flow boundary layer, or the smaller the effective H/z 
0 

ratio, the lower will be the windbreak drag coefficient and the shorter the 

separated flow region downstream of the fence. The shelter effect of the 

windbreak is consequently decreased. This is in agreement with the predict-

ion of Equations 7.3 and 7.4. With permeable fences it would be expected 

that similar trends would occur, and this is verified in results of de Bray 

(1971) for fences of 50%, 55% and 70% permeability. Plate (1971) points out 

that the actual relationship between approach flow structure and wind shelter 

behind a fence of given permeability must still be determined by experiment. 

The similarity criteria summarised in 3.4 show how the atmospheric 

surface layer must be scaled if similarity of flow patterns around a model 

and around a full scale prototype are to be obtained. These similarity 

criteria may also be applied when comparing two different full scale situat-

ions. Assuming the basic requirement of fully aerodynamically rough flow 

is satisfied in both cases, (or aerodynamically smooth if the "prototype 

surface is to be smooth) and that the fences are geometrically similar, 

then the four basic similarity parameters are 

z 
z 

0 
' 
~ 

-u 
0 

L 
u 

XO 

z 
0 

and 
u z 

0 0 

These parameters were interpreted in 3.4. In the case of an equilibrium 

rough wall boundary layer, Jensen's (1958) simpler model law 

H 
m 

z 
0 

m 

= 
H 

a ..•. (3.13) 

may be adequate for flow similarity. Both Jensen and later Kaiser (1959) 

suggest that if this law is satisfied, then flow patterns downstream of 

the two fences will be similar. Also in Equation 7.3, constancy of the 

ratio H/z implies constancy of the windbreak drag coefficient. 
0 

In a non-equilibrium flow, the value of z measured may not character
a 

ise the flow, and in this case it would be more important that profiles of 

shear stress, turbulent intensity and integral scale of turbulence are 

correctly scaled between the two approach flows. 

similitude : 
H 

m 

L 
u xom 

= 
H 

a 
L 

u xoa 

In particular, the 

.... (7.5) 
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appears to be important. Eqn 7.5 indicates that the relationship between 

fence height and average eddy size must be the same in both model and full 

scale flows. The importance of this is possibly illustrated by the comment 

of Bearman (1972)
1

made with reference to tests of flat plates in uniform 

flow with differing levels of incident turbulence: "Only eddies of a scale 

comparable with the scale of the eddies in the wake can appreciable affect 

the wake's mixing properties, and turbulence with scale much larger than 

the wake thickness should have little influence". Eddy sizes in the wake 

and wake thickness are, of course, strongly related to the plate width, or 

in this case fence height, and the integral scale turbulence in the wake a 

short distance downstream should be of the same order as the fence height. 

Thus eddies in the approach flow whose scale is of the order of the fence 

height will be important in the mixing process in the wake downstream of the 

fence. 

The similarity criteria given in 3.4 enable scaling of only neutrally 

stable flows. In non-neutral stabilities, additional scaling parameters 

are required, such as given by McVehil, Ludwig and Sundaram (1967). 

Recognising the importance of the approach flow turbulence structure, 

Kaiser (1959) attempted to quantify the dependence of windbreak performance 

on the upstream surface roughness, for the case where approach flow similar

ity does not exist between two different field tests or between field and 

wind tunnel tests. Kaiser postulated a 'wind reduction extension factor', 

o , to equate results measured over different surface roughnesses. For 
s 

instance, to apply smooth floor wind tunnel results to a fully rough atmos-

pheric boundary layer situation, the distance at which a wind velocity red

uction of s% is recorded in the tunnel, at ground level, is multiplied by 

o to give the distance at which the same reduction occurs in the lee of 
s 

obstacles in the open. 

0 s = 
X 

a 
X m 

The extension factor is given by: 

log ~ /z ) 
e a oa 

log~ /z ) e m om 

a = Velocity profile power law exponent. 

•... (7.6) 

Kaiser obtained a different expression for scaling the position of the mean 

velocity minimum, i.e. at z/H = 0: 

0 . = 
m~n 

X 

X 

a . 
m~n 

m . 
m~n 

A(a ) . a 
A (a ) • 

m log~ /z ) em om 
•••• (7. 7) 
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where A is a function of a, and increases with a. Kaiser suggests an 

arithmetic mean, 8 = ~(8 + 8 . ), for the average extension factor. Equat-
s mJ.n 

ions 7.6 and 7.7 correctly indicate an increase in protective effect as a 

decreases and as H/z
0 

increases. Kaiser briefly justifies their use by com

paring field results of Naegeli (1953) with wind tunnel results of Blenk 

(1955). The application of extension factors to results of wind tunnel 

tests should not be necessary if the tunnel flow is correctly simulated, 

but such factors, if accurate, could be used to predict the shelter effect 

of an existing field windbreak in a different location. 

Above, the importance of approach flow structure has been illustrated 

by comparing reattachment distances behind solid fences erected in flows 

of decreasing effective H/z ratio, and by drawing attention to flow similo 
arity criteria derived in Chapter 3. The interaction between the approach 

flow and the leeward flow behind the fence is now examined more closely. 

As the surface roughness upstream of the fence increases, levels of 

turbulent intensity and Reynolds stress -puw , in the approach flow increase, 

and the mean velocity profile power law exponent increases so that the mean 

velocity gradient dU/dz at each height, z/H increases. The flow immediately 

downstream of the fence will be dictated by the fence permeability, but 

further downstream, the recovery in streamwise momentum is influenced by the 

interaction between the flow in the sheltered zone (below the separation 

streamline, say) and the displacement flow over the top of the fence. The 

displacement flow structure is characterised by the upstream surface rough

ness, so that with increasing turbulence in the approach flow, levels of 

turbulent intensity and Reynolds stress in the displacement flow will be 

higher. This leads to greater streamwise momentum transfer back down into 

the sheltered zone, and thus more rapid recovery of mean velocity in the lee-

ward flow. If a mixing length model for the Reynolds stress is considered, 

then: 
'T = -puw 

dU 
= pKM dz 

~21dul dU 
= P dz dz 

.... (7. 8) 

From Eqn 7.8 it is seen that as dU/dz and ~I the mixing length1 

increase, 'T increases and thus vertical transfer of streamwise momentum 

into the sheltered zone. The mixing length ~' may be considered approx-

imately proportional to the integral length scale of turbulence. This has 

been discussed by Hinze (1959), and the similarity between expressions for 



L w and was pointed out in 2.5.9 (p.59). Thus as the length scale 

ofxturbulence in the approach flow increases relative to the fence height, 

the shear stress downstream of the fence, in the mixing region should be 

higher, and earlier recovery of streamwise momentum should occur near the 

ground. This implies that for a given approach flow, a lower fence will 

give relatively poorer shelter (downstream distance measured as x/H), in 

agreement with the effect of decreasing the H/z ratio. 
0 

For a flow characterised by a given roughness length, z
0

, or mean 

velocity profile power law exponent, a, a definite relationship exists 

between turbulent intensity, shear stress and length scale,and the effect 

of each quantity on the shelter effect of the fence cannot really be isol-

a ted. In a non-equilibrium flow, it may be possible to vary one quantity 
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such as turbulent length scale while the others are held constant, so that 

the effect of a particular quantity on the mixing process downstream of the 

fence can be determined. 

Earlier it was noted that as H/z decreases with increasing upstream 
0 

surface roughness, the decrease in downstream wind reduction distance is 

accompanied by a decrease in windbreak drag coefficient. Experimental 

evidence also indicates, however, that the base pressure coefficient, -cb, 

increases with increasing approach flow turbulence. This was demonstrated 

by results of Bearman (1972) for uniform turbulent flow over flat plates, 

and results of de Bray (1971) for rough wall boundary layer flow over fences. 

(See de Bray, 1971, Fig. 6). The presence of a similar trend may be 

deduced from the results of Good and Joubert (1968) for smooth wall boundary 

layer flow over solid fences. (See Good and Joubert, 1968, Fig. 9). The 

more negative base pressure coefficient is offset by a lower front face 

pressure coefficient cf, so that the overall drag coefficient CD = Cf - (-Cb) 

is reduced. Tests with other bluff bodies such as model buildings, 

(e.g. Jensen and Franck, 1963) normally show a decrease in -cb with increas

ing approach flow turbulence, but the increase in -cb observed behind fences 

does agree with the observed shortening of the protected zone, i.e. a lower 

base pressure should accompany the greater displacement flow streamline curv

ature and earlier flow reattachment observed with a more turbulent approach 

flow. 

Trends Observed in Field Data: 

As pointed out earlier, little attention was paid to the approach 

wind structure in early field tests of windbreaks. Caborn mentions the 

change in mean velocity profile in the wind as it passes over regions of 

different surface roughness, but does not relate this to shelter effect. 



Jensen (1958) gave the first clear experimental illustration of the sig

nificance of approach wind turbulence in the field tests used to verify 
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the model law of Eqn 3.13 (p.80). Jensen's results with permeable fences 

immersed in flows characterised by different z values, show a definite 
0 

improvement in wind reduction behind the fence as H/z increases. (See 
0 

Fig. 9.1, p.402). 

Baltaxe (1961) concluded from his review that turbulence in the app-

roach wind affected windbreak shelter. Most data given referred to changes 

in shelter effect at one location due to changes in atmospheric stability, 

but the observed trend was for less mean wind reduction under conditions of 

decreased atmospheric stability, when the flow is more turbulent. van 

Eimern et al (1964) cite reductions of windspeed of at least 20% for dis

tances of l8H - 27H downstream of windbreaks on level land in Denmark, 

but distances of only 7H - 18H in the more mountainous terrain of Switzerland, 

where the scale and intensity of the approach flow turbulence are greater. 

Information on flow reattachment distances from field tests is scarce, 

partly due to the fact that most field tests are made with permeable wind

breaks which show no clearly defined standing eddy in the leeward flow, and 

partly because the object of measurements is to determine wind shelter, rather 

than to plot leeward flow streamlines. Discussion of field windbreak lee-

ward flow given by Gloyne (1955), and Woodruff, Read and Chepil (1959) indic

ates reattachment distances of about lOH behind dense windbreaks in the 

field. Hagen and Skidmore (1971) measured a change from upward to downward 

mean flow at x/H = 6 in the displacement flow downstream of a solid windbreak. 

This suggests a reattachment distance in the vicinity of 12H downstream, 

although similarity between the results of Hagen and Skidmore and results of 

experiments in the present work indicate a reattachment point nearer lOH 

from the fence. 

7.2.3 Influence of Approach Mean Wind Velocity on Windbreak Performance: 

A large quantity of experimental evidence now exists to show that 

aerodynamically bluff bodies subject to a uniform flow of low turbulent 

intensity (e.g.< 0.005), are characterised by drag coefficients and flow 

patterns which are independent of Reynolds number (Re = U D/y, where D 
0 4 

is a characteristic dimension of the body) for values of Re from about 10 

to 10
6

• (See for instance Daugherty and Franzini, 1965, Figs. 13.9 and 

13.11). In the field of wind research it is also frequently assumed that 

bluff bodies, e.g. fences, buildings, erected in a turbulent boundary layer, 

will have leeward flow patterns and drag coefficients independent of Reynolds 
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number. This assumption is not necessarily valid. It was noted in 

7.2.2 that as fence height H is increased in a given boundary layer flow 
-of constant reference velocity U

00 
the ratio H/z

0 
increases and leads to an 

increase in the windbreak drag coefficient, CD' and greater mean wind 

reduction downstream of the windbreak. Thus there is Reynolds number dep-

endence of the flow pattern if the Reynolds number is given by Re = U H/v. 
00 

The question remains, however, whether for a fence of given height, H, the 

leeward flow pattern is dependent on approach wind velocity, U . 
00 

Woodruff and Zingg (1952) tested model windbreaks in the smooth wall 

boundary layer on the floor of an aeronautical wind tunnel working section. 

4 in high solid fences and permeable barriers of model trees were tested at 

speeds UH' between 24.8 and 43.4 ft/sec, giving Reynolds numbers, UHH/v, 
4 4 

between 5.12 x 10 and 8.95 x 10 • Flow patterns, and by inference, CD' 

were observed to remain sensibly constant as Re increased. Jensen (1958) 

concluded from his studies that in fully aerodynamically rough flow, the wind 

break flow patterns for solid and permeable windbreaks would remain constant 

provided the ratio H/z was kept constant. 
0 

Kaiser (1959) deduced from his 

theoretical model that for a fully aerodynamically rough approach flow des

cribed by : 
-u 1 z + z 

0 
= log 

u* K e z 0 

••.• (2.14) 

the flow patterns would be dependent on the fence permeability and on a 

turbulent Reynolds number given by ReK = UH/~, where ~ is the eddy vis-
~ 

cosity of the approach flow. 

Re~ = 

Using Eqn. 

H log 
e 

reduces to 

.... (7. 9) 

-Since this turbulent Reynolds number is independent of U, Kaiser concluded 

that the windbreak flow patterns for a given windbreak permeability would be 

independent of the approach wind mean velocity. Kaiser supported this 

conclusion by quoting the results of Blenk, and (separately) Finney (not 

obtained) who found no change in flow patterns with model windbreaks tested 

in a smooth wall boundary layer. 

Reports of wind tunnel experiments up till the early 1960's generally 

conclude that windbreak flow patterns are independent of approach flow 

velocity. More recent results support this conclusion for the case of 

fully aerodynamically rough approach flow, but not aerodynamically smooth 

flow. Baltaxe (1967) concluded largely from the work of Woodruff and 

Zingg (1952) and Blenk and Trienes (1955) (not obtained) that an impermeable 
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fence situated in a turbulent boundary layer would exhibit no change in 

flow pattern with changing approach flow velocity. Baltaxe, however, 

suggests that a windbreak of permeability greater than 35% will have a 

flow pattern dependent on approach flow velocity. He conducted experim-

ents with fences of 0%, 25%, 38% and 50% permeability tested in an aero

dynamically smooth turbulent boundary layer at Reynolds numbers (U H/V) 
00 

4 4 between 3.19 x 10 and 7.98 x 10 • Small changes in leeward flow patterns 

with increasing flow velocity were observed with the 38% and 50% permeable 

fences. These were interpreted as a decrease in windbreak drag as approach 

flow velocity increased. Baltaxe pointed out that this dependence on wind-

speed would be unlikely in the fully rough flows met in nature. 

The experiments of Good and Joubert (1968) showed that solid fences 

erected in a smooth wall turbulent boundary layer do in fact exhibit a 

change in flow pattern and drag coefficient as the flow velocity changes. 

It was found that as U
00 

and thus u* increased, CD, and therefore CD 

increased. This is shown by Fig. 7.5b. Data of Plate (1964) given by 

Good and Joubert(l968) and Plate (1971) confirm the findings of Good and 

Joubert. The finding of a dependence of solid fence drag coefficients on 

approach flow velocity in a smooth wall boundary layer conflicts with the 

results of the less rigorous tests of Woodruff and Zingg (1952) • However, 

in the latter, the range of Reynolds number encompassed by the tests was 

probably not large enough to make a very noticeable difference to either 

flow patterns or drag coefficient. For instance, over the range of 

Reynolds numbers, UHH/v, used by Woodruff and Zingg, the change in drag 

coefficient C was estimated by the author (from the results of Good and 
D* 

Joubert (1968)) to have been about 8%, a difference that might not be picked 

up from observation of flow patterns alone. 

Summing up, it appears that in fully aerodynamically rough flow, wind

break flow patterns and drag coefficients should be independent of approach 

wind velocity, provided H/z is kept constant. 
0 

Evidence suggests a change 

in windbreak drag and leeward flow patterns with changing approach flow vel-

ocity in aerodynamically smooth flow. Results of Good and Joubert (1968) 

show a clear increase in windbreak drag with increasing windspeed for solid 

fences, but the trend with permeable fences needs to be further investigated. 

Trends Observed in Field Data: 

Gloyne (1955) states in his review paper that approach wind velocity 

does not affect solid or permeable windbreak flow patterns for velocities 

between 2.24 m/sec and 11.18 m/sec. (Wind measurement height not stated). 

Caborn (1957) mentions cases of both increased shelter effect and decreased 
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shelter effect with changing approach wind velocity, but concludes that 

the protection given by a rigid barrier is generally independent of approach 

wind velocity. Baltaxe (1961) concluded in his review that windbreak flow 

patterns are dependent on approach flow turbulence structure but independ-

ent of wind velocity. For example, Baltaxe notes from the work of Naegeli 

(1946), "a range of free wind speeds of 2m/sec to lOrn/sec caused no signif

icant changes in relative velocity behind shelterbelts of a wide range of 

permeability. The same was true for windspeeds of lm/sec to 9m/sec with 

belts of high permeability. However, with two belts of low permeability 

an increase in free windspeed from 1.3 m/sec to 3.7 m/sec and 3.8 m/sec 

caused the relative velocity at 3H to leeward to decrease by 22% and 17% 

respectively". Baltaxe suggests that a change in atmospheric stability 

was responsible for the change in shelter effect in the last case. 

van Eimern et al (1964) also conclude that approach wind velocity 

does not affect the protection given by a windbreak or shelterbelt, but 

do quote cases where a change in wind velocity has resulted in a change 

in the shelter effect behind a windbreak. Generally where shelter has 

been found to depend on approach wind velocity, light to moderate wind 

conditions have prevailed (u10 < 8 m/sec), and under these conditions changes 

in atmospheric stability quite likely caused the change in wind reduction 

behind the windbreak. 

It appears, thus, that in a fully rough neutrally stable atmospheric 

boundary layer, flow patterns for solid and permeable windbreaks are 

independent of approach wind velocity. Results of wind tunnel investigat-

ions suggest, however, that where aerodynamically smooth flow occurs in 

nature, such as over mud flats or smooth ice, windbreaks will exhibit a 

change in shelter effect with change in approach wind velocity. 

7.2.4 The Leeward Flow Field- Influence of Windbreak Permeability: 

As windbreak permeability increases, the bleed flow, with velocity 

Ub
1
increases. This leads to a less strong displacement flow over the top 

of the windbreak, a lower drag coefficient c 0 (since both cf and -cb de

crease), a reduction in height of the protected zone (deduced from Eqn 7.2 

by Plate, 1971, and observed in experiments), and less reduction in mean 

velocity close behind the windbreak. Field and wind tunnel observations 

indicate that the leeward flow is less highly turbulent with a more perm

able windbreak and that for ~ > 35% to 50%, separation or stagnation, and 
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the accompanying large scale eddying, cease to occur in the leeward flow. 

It has also been observed that while the greatest reduction in mean velocity 

is less with a more permeable windbreak, the rate of recovery of streamwise 

velocity downstream of the windbreak is slower than with a less permeable 

fence. This is predicted by Eqn 7.8, since an increase in permeability 

reduces u~ - ub and thus reduces dU/dz across the separation streamline. 

The reduction in dU/dz reduces the turbulent shear between the displacement 

flow and the sheltered zone, so that there is less transfer of streamwise 

momentum back down into the protected region near the ground. This leads 

to the commonly observed greater far field effectiveness of a more perm-

eable windbreak. Plate (1971) gives an analysis showing that the lower 

base pressure with a less permeable fence causes a stronger Coanda effect 

on the displacement flow and encourages earlier downstream reattachment. 

The influence of windbreak permeability may also be seen by consider

ing the steady flow momentum equation for the streamwise velocity component. 

From Eqn 3.6, assuming viscous shear is negligible, and that the flow is 

two-dimensional, so that V = ~ = 0 ay , 

uau 
ax 

(l) 

= 
wau 

ax 

(2) 

1 aP 
p ax 

(3) 

a-uw 
az 

(4) 

a 2 
- -u ax 

(5) 

•••• ( 7 .10) 

With the recovery of streamwise momentum, the convective acceleration 

term (l) will be positive. If the region downstream of the peak of the 

displacement flow is considered, i.e. beyond x/H ~5, W will be negative and 

au;az positive (with a permeable fence) so that term (2) is positive (sign 

allowed for) • In the adverse leeward pressure gradient,term (3) is neg-

ative, but becomes positive in the favourable pressure gradient downstream 

of the 'reattachment point'. Fig. 7.2 shows that term (4) 

-a m:l 
az 

will be positive below the separation streamline. 

ulence downstream of the windbreak 

With the decay of turb-

will be negative so that term (5) is positive. With increasing windbreak 

permeability, the magnitudes of 

w , au 
az' 

aP a -
ax I ~ UW and 

a2 
-u ax 

will tend lower, so that the terms (2), (4), and (5) will tend to be less 
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positive, and so make term (1) less positive. This means a slower recov-

ery of streamwise momentum far downstream of the windbreak. The pressure 

gradient term (3) becomes less negative upstream of the 'reattachment point' 

and encourages more rapid recovery of streamwise momentum in the sheltered 

zone than with a solid windbreak. 

To consider the phenomenon of large scale stagnation of the leeward 

flow downstream of a fence of low permeability,a suitable startingpoint is 

the simpler case of uniform flow incident on a sharp edged, bluff, flat 

plate whose permeability is varied. de Bray (1956) carried out tests with 

5 in x 5 in square plates at 140 ft/sec in an aeronautical tunnel. In

creasing the geometric permeability, ~' gave a progressive reduction in 

CD and in the RMS velocity fluctuation, u', in the wake. For values of 

~ greater than 35% a distinct vortex shedding peak was no longer present 

in the u component energy spectra measured in the wake, and the reduction 

in turbulent energy with increasing ~ was mostly at the low frequency, 

large scale, end of the spectrum frequency range. de Bray commented on 

the fact that CD decreased by only 20% as ~ increased from 0 to 40%, 

while u'/U fell by about 50%. This is important in regard to windbreaks, 
0 

where a moderately permeable fence could be expected to generate consider-

ably less turbulence than a solid fence for little loss in drag coefficient 

and presumably little loss in shelter effect, 

Valensi and Rebont (1969) found that with 15 em high plates tested 

at 19.3 m/sec in a smoke tunnel, a regular vortex pattern began to appear 

as ~ was decreased through 44% and this vortex shedding became very 

obvious for ~ less than 33%. Earlier, Baines and Peterson (1951) found 

that in flow through screens with sharp edged elements, spanning the whole 

working section cross-sectional area in a wind tunnel, large scale separat

ion and turbulence occurred downstream for ~ less than 50%. 

Baltaxe (1967) concluded from a review of earlier work by Jensen, 

Nokkentved and Blenk (not obtained) that wind tunnel models of windbreaks 

no longer produced a separated flow with large scale eddying downstream 

as ~ was increased past 38% (Jensen) or 48% (Nokkentved, Blenk). It 

appears, therefore, that in analogy to flow around permeable flat plates, 

stagnation of the leeward flow behind windbreaks and the accompanying re

circulating eddy or large scale turbulence, should cease to occur as ~ 

increases through 35% to 50%. The upper limit of permeability could be 

expected to apply to windbreaks where the permeability was more sharp-edged. 
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Baltaxe (1967) carried out experiments which support the above com-

ments. In this work a rotating vane was used as an indicator of turbulence 

in the lee of fences of 0%, 25%, 38% and 50% permeability tested in a smooth 

wall turbulent boundary layer. The solid fence gave a clearly defined 

standing eddy with reattachment of the separated flow at x/H ~ 10, and a 

rapid return to horizontal mean flow downstream of reattachment. With the 

25% permeable fence, the bleed flow persisted to x/H = 3 - 4 where stagnat

ion occurred under the influence of the adverse pressure gradient 8P/8x > 0. 

and a small reverse flow eddy then persisted until reattachment of the dis-

placement flow at x/H ~ 10.5. Further downstream, small scale turbulence 

was present, and slower recovery of the mean flow velocity occurred than 

in the case of the solid fence. With the 38% permeable fence, the bleed 

flow persisted to x/H 

of higher turbulence. 

8 where a weak stagnation occurred and then a region 

With the 50% permeable fence, no mean flow stagnat-

ion downstream of the fence was observed. 

Discussion in the literature of the relationship between mean velocity 

and turbulence in the leeward flow field is usually vague, owing to the 

scarcity of measurements of turbulence by other than flow visualisation 

techniques. It is generally agreed, however, that as fence permeability 

increases, the mean velocity minimum, which occurs close to the ground, 

moves further downstream of the fence, and lies at or just upstream of the 

zone of strongest turbulence. (Reports do not usually specify whether the 

'zone of strongest turbulence' is a zone of maximum u' or a zone of max

imum u'/U.) Field results, particularly from earlier experimental prog

rammes, have tended not to show the effect of turbulence in regions of low 

mean velocity downstream of a windbreak. This is because of the inability 

of such instruments as cup-counter anemometers to record velocity fluctuat

ions. For instance, van Eimern et al (1964) say, referring to the leeward 

flow: "Beneath the peak of the airflow is the zone of greatest wind reduct-

ion, the 'dead calm area' as Kreutz has called it. This peak lies nearer 

to the obstacle when dense obstacles are used, and is therefore sharper". 

Experiments in the present work show that the so-called 'dead calm area' 

is in fact a zone of very high turbulent intensity. The progressive move-

ment downstream of the zone of minimum mean velocity and maximum turbulent 

intensity as fence permeability increases is shown in the experimental 

results of Chapter 8. Field turbulence data plotted by Kaiser (1959) 

are also given for comparison. 

Today it is well recognisedonaqualitative basis at least, that a 

windbreak of low permeability giving a large mean wind reduction also 
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causes 'high turbulence' in its lee. The choice of an optimum windbreak 

permeability depends on the relative importance of mean velocity and turb

ulent eddying in the sheltered zone, and this is discussed further in 

Chapter 9, in the light of experimental results. On the basis of the 

foregoing discussion it would, however, be expected that a windbreak whose 

permeability was such that the maximum wind velocity reduction was obtained 

without generation of large scale turbulence, would be the required optimum 

design. Thus an optimum windbreak permeability of 35% to 50% is to be 

expected. 

The effect of the size of the openings in a permeable fence should 

also be considered. Data of Baines and Peterson (1951) and Naudascher 

and Farell (1970) show that for a screen of given geometric permeability, 

~' the turbulent intensity at a given locationx/H downstream, generated by 

the elements of the screen, increases with the size of the screen elements 

(bars), i.e. with the coarseness of the screen. This is shown, for 

instance, by Eqn 4.14 (after Baines and Peterson): 

u' 

u 

B = bar size. 

= 1.12 

5 
7 

.•.. (4.14) 

Turbulent length scale tends to increase at a given downstream location 

as the permeability becomes coarser. For instance, Baines and Peterson 

found that 5 

The Baines and Peterson data also show that for a given bar size B, the 

lower the permeability, ~' and thus mesh size M, the shorter was the 

leeward distance to the position of maximum turbulent intensity. 

corresponds with reports of the leeward flow behind fences. 

This 

Ideally, the turbulence generated by a windbreak should be of as low 

intensity and small scale as possible, in order to provide minimum annoyance 

and in order to decay rapidly (i.e. according to Eqn 2.38, p.48 ). Thus 

on a consideration of turbulence alone, the elements of a windbreak of a 

given permeability should be fine rather than coarse, i.e. B/H should be 

small. The effect of the coarseness of the windbreak permeability cannot 

be expected to persist in the flow turbulence far downstream, since the dis

placement flow starts to have an increasing influence in the more leeward flow. 

Field Observations of Windbreak Performance and Effects of Permeability: 

To complete this theory and review chapter, some general comments 



from the literature on field windbreaks and an example of wind shelter 

by slatted wood fences are now given. 
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Bates (1937) states: "a windbreak of moderate effectiveness reduces 

the velocity of a 20 mile wind striking it squarely, for a distance of about 

30 times the height of the trees. About one-fourth of the protected area 

is on the windward side and three-fourths on the leeward side". 

recommends a spacing of 20H to 25H between adjacent windbreaks. 

Bates also 

In his 

review, Gloyne (1955) suggested the typical wind speed reductions shown in 

Table 7 .1. Note that wind measurement height was not specified. 

TABLE 7.1 (after Gloyne, 1955) 

Type of Percentage of free windspeed (£ X 100) 

Barrier u 
at a distance downwind of: 0 

OH 2H 5H lOH 15H 20H 25H 30H 40H 

Open (<j> ~ 70%) 90 80 70 75 85 90 95 100 100 

Medium dense 
(<j> ~ 50%) 40 25 20 25 50 60 75 90 100 

Dense (<!> ~ 0%) 0 20 40 65 80 85 95 100 100 

Gloyne also states, referring to the lee\'lard flow, "an eddying region 

can be identified until the density of the barrier becomes as low as 20 - 30 

percent, although little damage to crops appears to occur with barriers of 

density less than about 50 or 60 percent". 

Woodruff and Zingg (1955) found that a 60% permeable slatted 4 ft 

high snow fence gave a 20% reduction in mean wind speed up to 20H downstream 

and some influence from the fence was noticed 30H to 35H downstream. In 

his review, Caborn (1957) summarises earlier results, thus: "the sheltered 

zone to leeward of a shelterbelt may be considered to extend to approximately 

30 times the height of the belt, but if a 20% wind reduction is taken as 

the criterion of useful shelter, this may be said to extend up to 15 or 20 

times the height of the belt." Caborn observed considerable disparity 

among data reviewed, owing to differences in windbreak permeability, presum

ably differences in upstream surface roughness, and different instrument 

heights above the ground. Caborn quotes recommended optimum windbreak 

permeabilities ranging from 30% to 48%. 

Woodruff, Read and Chepil (1959) measured in three lateral positions 

behind a 1/4 mile long :il.O row tree windbreak and found average reductions 

in wind velocity as follows :-



Maximum reduction 

Extent of 50% reduction 
II 

II 

II 30% 

II 20% 

II 

II 

60 - 67% 

about 6H leeward 

II llH 

12H - 21H 

II 

II 

Schultz and Kelly (1960) tested 4 ft slatted fence windbreaks of 25%, 50% 

and 60% permeability with instruments at z/H = 0.5. The best wind reduct

ion was found to be given by the 25% permeable fence, but differences be

tween the fences were small, so that the authors suggest that the 60% 

permeable fence would be the most economical. 

348. 

George (1960) reports a downstream zone of influence of about 30H 

without stating a criterion of protection, e.g. the extent of 20% mean wind 

reduction, as used by Woodruff, Read and Chepil (1959). Stoeckeler (1962) 

measured wind velocity to windward and leeward of a 400 ft long, 16 ft 

high, 50% permeable slatted fence. "Wind velocity was reduced 20% or more 

to a distance of about 20 barrier heights to leeward and 50% or more to a 

distance of 10 barrier heights. To the wind\.;rard side the reduction was 

10% or more to a distance of about 5H". 

was at z/H = 0.5. 

Stoeckeler's measurement height 

van Eimern et al (1964) summarise their review by saying, "the shelt

ered zone reaches up to about 30H in the lee and 5H to wind'vmrd of the belt, 

but that, for a wind reduction of 20% or more, only 20H should be reckoned." 

They observed a range of wind reduction extending anywhere between lH and 

lOH to windward and 8H to 60H to leeward. These authors also recommend 

that the limit of a windbreak's influence be taken as the extent of 20% 

wind reduction. (Again, measurement height not specified). van Eimern 

et al quote optimum windbreak permeabilities ranging from 40% to 50%. As 

with the figures of Caborn (1957) these optimum permeabilities appear to 

be just high enough for large scale separation and eddying to no longer 

occur in the wake as predicted in 7.2.4. 

Sturrock (1969, 1972) presented wind reduction data for tree shelter-

belts ranging in height from 1.4 m to 19.8 m. The upstream fetch was gen-

erally a long run of closely grazed pasture (downstream and upstream surfac

es were carefully described). Measurements were made at a height of 0.62 m, 

and in the case of the taller shelterbelts (8.5 m - 19.8 m) also at 1.25 m. 

The short shelterbelts varied from very dense to very open, while the taller 

shelterbelts were mainly of medium density. Average extents of mean wind 

reduction for Sturrock's shelterbelts are shown in Table 7.2:-
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TABLE 7.2 (Data from Sturrock (1969, 1972) 

Shelterbelt Type 

Short - Medium Medium - Tall 

(1.4m) (9. 4m) (8. 5m) (19.8m) 

Maximum leeward Best 87%/Worst 43% Best 75.2%/Worst 35.3% 
reduction 

Extent of 50% 
reduction 9.5H > lOH 

Extent of 20% 
reduction 25H > 20H 

Extent of 50% 
reduction wind- 2H 
ward 

In most of the above reports of tests of field windbreaks there was 

no standardisation of the measurement height, e.g. at z/H = 0.25, say. 

This makes analytical comparisons of different results difficult. Earlier 

measurements were generally made about 1 m above the ground in the leeward 

flow. 

Hagen and Skidmore (1971) measured mean velocity reduction and turbul

ent velocity fluctuations downstream of 8 ft high slatted fence windbreaks 

of 0%, 20%, 40% and 60% permeability. Downstream U/U isotachs from this 
0 

work are shown in Fig. 7.7. Note that as permeability increases: 

{i) the height of the sheltered zone decreases; 

(ii) the mean velocity minimum shifts to leeward. 

Hagen and Skidmore deduced that near the ground (z/H = 0.125) the 40% 

permeable fence gave the best mean wind reduction over the largest leeward 

area, by evaluating the integral r U;Uo a[~] 
Fig. 7.7 indicates that either the 20% or 0% permeable fence may have given 

the best overall wind reduction if the integral 

-u 

u 
0 

had been used to measure the overall wind reduction in the sheltered zone. 
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Discussion of turbulence data from this work and comparison with results 

of the present project appears in 9.1.4. 

In summary, the following points are noted :-

(i) Field and wind tunnel measurements indicate that the optimum 

windbreak permeability lies between 30% and 50% depending 

on the nature of the permeability. The evaluation of 

optimum permeability has usually been based only on meas

urements close to the ground (z/H = 0.1 to 0.2) and it 

is possible that a different optimum permeability may result 

if the average wind reduction is measured over a range of 

heights, e.g. integration over a height of 2H. 

(ii) Typical field data indicate that a windbreak of optimum 

permeability should give a mean velocity reduction of 50% up 

to lOH downstream, 20% up to 20H downstream and a maximum 

reduction of about 70% lH to 5H downstream, when a measure

ment height of z/H = 0.5 is used. 
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(iii) The extent of the zone of 20% (or better) wind reduction 

should be taken as the limit of the influence of the windbreak. 

(iv) The vagueness in some reports of field measurements, shows 

the need to specify as accurately as possible: 

(a) approach flow boundary layer structure; 

(b) geometric permeability of the windbreak; 

(c) Measuring instrument height(s). 

There is a need also for more measurements of turbulence 

in the flow downstream of windbreaks. 

7.3 CONCLUSION 

In the foregoing review, and discussion of windbreak aerodynamics, 

it has been attempted to summarise the current research information on 

windflow over windbreaks. The following conclusions are made . 

(i) Existing theoretical models are able to give only a qualit

ative description of wind reduction and the leeward flow 

behind windbreaks. For the engineer, tables or graphs 

of windbreak performance data derived from field or accurate 

wind tunnel experiments would at present be more reliable in 

practice. 

(ii) The mean wind reduction and turbulence in the windbreak leeward 



flow, under neutrally stable conditions, depend on wind

break permeability, upstream surface roughness relative 

to windbreak height, (or approach flow turbulence structure 

characterised by the ratio H/z ) , and approach flow velocity 
0 

at the reference height when the flow is aerodynamically 

smooth. With downstream co-ordinates expressed as (X/H, z/H), 

then the relative wind velocity U/U at any downstream locat
o 

ion should be constant provided the ratio H/z is maintained 
0 

constant. The mean wind reduction from a windbreak can be 

expected to improve as the ratio H/z increases. 
0 

(iii) Carefully controlled tests of windbreaks, most practicably 

fences, need to be carried out using a range of permeabilities, 

approach flow velocity and H/z values. 
0 

Conditions for 

such tests are suggested in 9.2. Leeward flow measurements 

should include mean velocity, turbulence parameters and 

static pressure gradients. Pressure coefficients Cf and 

-cb should be measured to enable evaluation of the drag 

coefficient c 0 • Information from such tests could be in-

corporated in a windbreak design manual. 

(iv) The relative importance of mean wind reduction and turbulence 

in the lee of windbreaks requires further investigation. In 

this respect, human and animal comfort, and crop damage 

criteria are required. 
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CHAPTER 8 

MODEL FENCE WINDBREAKS - THE EXPERIMENTAL PROGRAMME 

The literature on windbreaks and shelterbelts contains few reports 

of wind tunnel tests of model windbreaks carried out in a carefully simul-

ated atmospheric boundary layer. Of the reports obtained by the author, 

only that of Jensen (1958) describes model windbreak tests in a relatively 

rigorously simulated atmospheric boundary layer, and in Jensen's work 

measurements were restricted to mean velocity. A certain amount of scept-

icism rightly exists in regard to results of wind tunnel tests of wind

breaks where no attempt has been made to simulate the atmospheric boundary 

layer. The wind tunnel does, however, provide a means for conveniently 

carrying out controlled tests of windbreak models. 

Wind tunnel tests of model shelter fenc.es were carried out in the 

present project with the aim: 

(i) to more thoroughly justify the use of wind tunnel tests 

to predict the shelter effect of a full scale windbreak; 

(ii) to relate more quantitatively mean velocity reduction and 

turbulent intensity in the windbreak leeward flow. 

With limitations on available time, the range of turbulence measurements 

behind the model windbreaks was necessarily restricted, and the following 

experimental programme was carried out :-

Measurements of mean velocity, U, RMS velocity fluctuations, u' I 

and u component energy spectra were made in the lee of model 

fence windbreaks of 0%, 20%, 34% and 50% nominal uniform permeab-

ility in the simulated rural boundary layer. Subsidiary tests 

were carried out on 0% and 50% permeable fences to examine the 

effect of changing fence height, i.e. the ratio H/z , on the model 
0 

windbreak performance. 

Experimental results are discussed in Chapter 9, in relation to the theory 

and review of previous work given in Chapter 7. 

8.1 EXPERIMENTAL APPARATUS 

8.1.1 The Simulated Atmospheric Boundary Layer: 

The model fence tests were carried out in the atmospheric boundary 

layer working section of the dual facility wind tunnel, using the simulated 

rural boundary layer generated by Layout 14, described fully in 6.4 (p.285). 

The 1/6 power law mean velocity profile boundary layer is characteristic 

of neutrally stable atmospheric flow over rural terrain of roughness length, 
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z
0

, about 5 em, linearly scaled down by a factor of approximately 1:300. 

The best boundary layer structure was obtained at a reference tunnel speed 

of approximately 18 m/sec at z = 60 em above the floor. 

8.1.2 Selection of Fence Height and Permeability: 

(a} Fence Height: In the original allocation of boundary layer 

growth distance in the model atmospheric flow, ~3m of working section length 

were set aside as a test section. The choice of fence height was determin-

ed primarily by the available test section length and the working section 

height. A 5 em fence height was selected as this gave a downstream dis-

tance of 50 fence heights within the range of the turinel traversing gear, 

and created only 4% blockage of the working section cross-section area. 

The 5 em fence height was considered great enough to permit easy leeward 

traversing. The most downstream roof panel, which was suspended above the 

protected area in the lee of the fence, was set level to avoid unwanted 

deceleration of the leeward flow. (The rest of the roof panels were kept 

at the original divergence of ~o.7°.) 

The compatibility between the 5 em fence height and the linear scale 

of the wind tunnel simulated atmospheric boundary layer was also considered. 

In the field, windbreak heights lie in the range 1 m to about 30 m. Scaling 

up a 5 em fence by a factor of 300 leads to a full scale equivalent windbreak 

height of about 15 m, i.e. a relatively high windbreak, particularly if 

of the artificial, wood fence type. However, in the wind tunnel flow, the 

scale of turbulence near the ground was characteristic of a larger linear 

scaling than 1:300, as shown by Table 6.9, p.3ll. The upstream boundary 

layer generating trip fences, of the same order of height as the 5 em test 

fences, produce relatively large scale turbulence, so that over about the 

first few fence heights above the floor a linear scaling of about 1:100 is 

probably more realistic. This would make the 5 em fence about 5 m high in 

full scale. 

and H/L 
u 

More important in the scaling process are the ratios H/z 
0 

In Chapter 6 it was pointed out that in the non-equilibrium 

accelera£~d growth wind tunnel boundary layer, z 
0 

does not necessarily 

characterise the turbulence structure of the flow. With z "' 0.02cmat 
0 

X = 9 m in the simulated boundary layer, strictly speaking, H/z at the entry 
0 

to the test section was 0 ~02 , or 250. However, with the larger linear 

scaling of the turbulence in the surface layer, a more realistic value of 

H/z
0 

for the model fence tests was estimated to be H/z
0 

"' 100. The corres

ponding value of H/L at the height z = 5 em (or z/H = 1) was H/L "' 0.16 
u u 

X X 
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at X = 9 m. The above value of H/z (100) was used in later comparisons 
0 

of the wind tunnel results with field data, and according to theory, simil-

arity to field results was expected where the field value of H/z was of 
0 

the same order. 

The 5 em fences were constructed of various materials, and where 

wooden slat construction was used fences were built to a rigorous 1:40 

scale based on typical domestic or agricultural 2 m high fences. While the 

model boundary layer scale was less than 1:40, reasonable similarity with 

full scale 2 m fence performance was expected where H/z was about 100 in 
0 

full scale. 

(b) Fence Permeability: On the basis of review work summarised in 

Chapter 7, it was decided to test fences of nominal permeability 0%, 20%, 

34% and 50%. This range was expected to encompass the permeabilities 

usually found in artificial fence-type windbreaks, and also show the trans

ition from large scale eddying in the leeward flow to the smaller scale 

turbulence and smoother flow characteristic of more permeable fences. 

Future programmes should investigate the performance of very permeable fences 

(e.g.$= 70%, 80% and 90%). 

A summary of fence construction details is given in Table 8.1. Photo-

graphs of the various fences appear in 8.3. In Table 8.1 it is seen that 

the true permeabilities of the nominal 50% permeable vertical wood slat and 

lattice work fences were about 55% and 59% respectively. These errors arose 

because of slight undersizing of the 'timber' used in the construction, but 

led to an unplanned extension of the range of permeabilities tested. The 

34% permeable fences are seen to be of less usual construction. With these 

fences the large difference in coarseness of the permeability was intended 

to show whether a permeability coarseness effect occurred in the leeward 

flow. The Torre block 34% permeable fence may be considered analogous to 

a full scale fence built from massive concrete blocks. 

The fences were mounted in the tunnel by plugging the fence posts into 

holes drilled in the wind tunnel floor at the end of the boundary layer gen-

erating surface roughness. These holes were at X = 9.17 m and this locat-

ion became x = 0 for measurements downstream of the fences. Some fences 

required wedging into the holes to avoid oscillation in the turbulent flow. 

8.1.3 Traversing Equipment and Flow Measuring Apparatus: 

The two DISA 55DOO hot wire anemometer sets were set up as for the 

wind modelling work of Chapter 6. Measurements were made with 55F31 and 



TABLE 8-1 MODEL FENCE CONSTRUCTION DETAILS 

Permeability <I> 0 /o Height Upright Upright ~ard Board Board 

Fence Type Breadth Depth ~th Thickness Spacing 
Hem 

Nominal True b in. din. Bin. Din. Sin. 

Aluminium 0 0 5 3 d" i6 Ia. - 16G.Sheet --
Horizontal Wood Slats 20 20 5 

1 2. 2. ..2_ 
8 8 8 i6 32 

Vertical Wood Slats 20 20 5 1 1 1 1 1 
8 8 8 16 32 

Perforated Steel 34 34 5 3 d" 20G.Sheet ~hole i6 Ia. -- 2 dia. 
see below 

Torro Blocks 34 30 5 See Fig.S-16 for constructionBiocks flx ~x~ 
Horizontal Wood Slats 50 50 5 

, , , 1 1 
8 8 8 16 8 

Vertical Wood Slats 50 55 5 J._ 1 1 1 5 
8 8 8 16 32 

Wood Lattice 50 59 5 
1 1 3 7 1 

seebelo"' 8 8 ---32 64 16 

Note :(i) ·upright spacing = 1-2H. 
(ii) 2~ em ,5cm and 10 em fences geometrically similar. 

PERFORATED METAL FENCE WOOD LATTICE FENCE 

11·2crq 
SLATTED FENCES 

_1!3 

~s ~em. 
I II II II II ,___f 0 0 

~I 
I h" 

0 

7" 
32 j~ 

l 

w 
Ul 
0\ 
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55F25 miniature single wire probes with the wire oriented in a horizontal 

plane and the mean flow perpendicular to the wire. The probes and travers-

ing rig are shown in Fig. 8.1. To avoid blockage of the leeward flow, 

the horizontal arm of the traverser was kept at z = 40 em, and the DISA 

55H01 traversing mechanism and 52C01 stepper motor with geared guide tube 

were mounted on the horizontal tunnel traverser arm so that the guide tube 

traversed vertically at Sl5. The 55F25 probe was mounted in the collet 

at the bottom of the guide tube. The 55F31 probe, mounted at S20, and a 

pitot-static tube, mounted at SlO were fixed on the tunnel traverser horiz

ontal arm and used for reference readings. A groundboard pitot tube was 

also mounted on the horizontal arm and used in locating the flow reattach

ment point downstream of the solid fences. Reattachment was also visualised 

using cotton tufts and partially expanded polystyrene beads. 

Auxiliary equipment was set up as for the wind modelling work. Hot 

wire anemometer signals were fed to the Bruel and Kjaer Type 2114 1/3 octave 

bandwidth spectrometer for spectral analysis. The 52C01 stepper motor was 

controlled from the stepper motor drive in the DISA 52B01 Sweep Drive Unit 

which is mounted in the DISA TCA unit. 

Important features of the operation of the hot wire anemometers are 

discussed in Appendix 6, together with the effects of high turbulent intens

ity, and mean flow inclination to the wire, on the accuracy of the anemometer 

signal. 

8,2 EXPERIMENTAL PROCEDURE 

8.2.1 Flow Traversing Procedure: 

For each leeward flow traverse, measurements of apparent local mean 

velocity, U, and RMS u component turbulent fluctuationswere made as 

follows :-

Streamwise location: x/H = 0, 1, 2, 4, 6, 8, 10, 12, 15, 20, 25, 30, 

35, 40, 45. 

Vertical location: z/H = 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0, 

3.0, 4.0. 

This gave a 150 point grid in the assumed two-dimensional flow field. 

Energy spectra for the u component were measured x/H = 2 and 6, and 

z/H 0.6. Spectra were also measured at x/H = 15 and z/H = 1, the height 

z/H = 1 chosen to enable comparison with spectra previously measured in the 

approach flow at z = 5 em. Preliminary tests showed that there was in 

fact no detectable difference in the spectra at z/H = 0.6 and z/H = 1 at the 

x/H = 15 location. 



Fig. 8.1 Probes and traversing gear for 

flow measurement behind model fences 

Fig. 8.2 Partially expanded polystyrene beads 

scattered on tunnel floor prior to 

flow visualisation test ~ 
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Tests at two lateral locations with the 5 em 0% permeable fence 

showed that the lateral non-uniformity was less than the ±2% measurement 

uncertainty on mean velocity, and in view of the satisfactory lateral uni

formity in the approach flow, it was decided to traverse at only one lateral 

location in the flow. Initially traverses were made at S25, but the pres-

ence of secondary flows generated in the flow over the fence, near the tunnel 

walls, led to a change in traversing location to Sl5, closer to the working 

section centre line. 

For each traverse the travelling and fixed hot wire probes were cal

ibrated against the pitot-static tube at the 60 em reference height, and 

checked against the known approach boundary layer velocity at z = 5 em. 

With low speed tests, deterioration of the approach flow mean velocity pro

file necessitated measurement of the approach profile to enable accurate 

normalising of the leeward mean velocity (i.e. in forming the ratio U/U ) . 
0 

In presenting results it was considered most relevant to normalise the 

velocity, U, at any downstream location (x/H, z/H) with the velocity, U 
0 

at the same height, z/H, in the approach flow. 

Depending on weather conditions, ambient temperature rise during a 

traverse necessitated returns to the reference point (x/H = 0, z = 60 em), 

and correction of anemometer lineariser gain, as described in Appendix 6. 

Temperature induced errors in gain, at any particular point in a traverse, 

were corrected by a proportion of the total error accumulated over the period 

between two gain corrections. 

8.2.2 Flow Reattachment Tests: 

These tests were carried out behind the 2~ em, 5 em and 10 em solid 

aluminium fences, and the 5 em 20% permeable horizontally slatted wooden 

fence. Most tests were run at a reference tunnel speed of 18 m/sec at 

z = 60 em. Some additional tests were made at low speed. A 5 em high, 

50% permeable horizontally slatted fence was also tested, but no evidence 

of large scale separated flow was visible. 

Four methods of determining the flow reattachment point were used 

(i) A pitot tube was traversed close to the floor in a stream-

wise direction behind the fence. Results from this method 

were not accurate, but best results were obtained with the 

probe orifice facing upstream. Reattachment was indicated 

by a rapid change in total head in the region of the reattach

ment point. 



(ii) The leeward floor panels were wetted with water and part

ially expanded polystyrene beads between 1 mm and 5 mm in 

diameter liberally sprinkled over the floor as shown in Fig. 

8.2. With the tunnel operating, beads in the reversed 

flow region were swept back towards the fence, and beads 

beyond the reattachment point swept downstream. Wetting 

of the floor was essential to prevent a too rapid en-

trainment of the very light beads into the flow. 

(iii) Fine cotton tufts were attached to the floor boards down

stream of the fence and the reattachment point determined 

by observing the position where the lie of the tufts changed 

from a reversed flow direction to a forward flow direction. 

(iv) A mixture of titanium dioxide and light oil was spotted on 

the downstream tunnel floor and the direction in which 

the spots ran observed. 

360. 

For further observation of reversed flow in the lee of the fences, 

cotton tufts were attached at 0.5 em intervals on the vertical stem of 

the ground traversing pitot tube. 

8.2.3 Fence Height and Flow Velocity Scale Effect Tests: 

These tests were carried out with the solid aluminium fences and the 

50% permeable horizontally slatted wooden fences, using fence heights 

and flow speeds as shown in Table 8.2. 

TABLE 8.2 

Solid Fences 50% Permeable Fences 

Fence Heights Wind Velocity Fence Heights Wind Velocity -Tested at Fence Top,UH Tested at Fence Top,UH 

2l.:z em 10.3m/sec 6.0 m/sec 2l.:z em lO.lm/sec --
5 em 12.0 6.8 5 em 11.34 6.8m/ 

sec 
10 em 13.6 -- 10 em 12.5 --

With the solid fences smooth downstream groundboards were fitted to enable 

flow reattachment tests to be carried out. With the 50% permeable fences 

a 2.44 m downstream run of Torro baseboard was fitted to the floor. In 

the case of the solid fences, energy spectra were measured only at x/H = 6, 

and only for the high speed test. 
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8.2.4 Tests of 5 em Fences of Various Permeabilities: 

All the 5 em fences described in Table 8.1 were tested at the ref-

erence tunnel speed of approximately 18 m/sec at z = 60 em. In each case 

the 2.44 m run of downstream Torro baseboard was fitted to the floor. 

Energy spectra were measured at the end of the mean velocity/turbulent 

intensity traverse. In mounting the fences, care was required to ensure 

that no air gap existed at the bottom of the solid fence or below the 

bottom rail of permeable fences. 

base bleed flow. 

8.3 EXPERIMENTAL RESULTS 

Small air gaps allowed a noticeable 

8.3.1 Visualisation of Flow Reattachment: 

The location of the reattachment point behind fences of various 

heights is shown in Table 8.3. The visualisation of reattachment using 

the mixture of titanium dioxide and light oil was unsuccessful as wind 

velocities behind the fences were too low to cause the spots of Ti02 and 

oil to run satisfactorily, even with a low viscosity mixture and long run 

time. 

The partially expanded polystyrene beads gave an excellent qualitat

ive picture of the eddying behind the fences, showing up large scale rapid 

flow reversals in the separated leeward flow as well as the mean flow 

standing eddy. Also apparent was a secondary flow at the extremities 

of the fence against the walls, as shown in Fig. 8.3. This flow intruded 

further into the working section at low tunnel speeds. With the 20% 

permeable horizontally slatted wooden fence, no large scale reverse flow 

was evident, beads upstream of the main flow reattachment point simply 

sitting on the floor and oscillating slightly. The same beads behind the 

solid fences were rapidly swept back towards the fence then entrained in 

the downstream flow. 

Satisfactory photographs of the beads in motion were unfortunately not 

obtained in the available time. For this purpose, the flow field needs 

to be illuminated from inside the working section. Polystyrene beads en-

trained in the tunnel flow were exhausted from the tunnel outlet on the 

mezzanine floor. A catching screen should be fitted in future to elimin-

ate the job of vacuuming up ejected beads. 

The most satisfactory visualisation of flow reattachment was obtained 

using the cotton tufts. The tufts took on a permanent set after a long 
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run, and photographs were able to be taken after the tunnel was switched 

off. The cotton tuft visualisation is illustrated in the photographs of 

Fig. 8.4. 

In Table 8.3 it is seen that on average the reattachment point moves 

further away from the fence as the fence height increases. The values 

for the cotton tuft visualisation are probably most reliable and indicate 

a reattachment distance x/H ~ 9.0 for the 5 em solid fence. At lower 

flows speed the reattachment point appeared to move closer to the fence, 

but the result is not conclusive with the lack of resolution in the pitot 

tube tests. 

8.3.2 Fence Height and Flow Velocity Scale Effect Tests: 

Approach flow mean velocity and turbulent intensity profiles for 

these tests are shown in Fig. 8.5. This figure shows that at low speed 

there is a slight deterioration in the mean velocity profile, and with the 

fans on the finest blade pitch setting, a very distinct decrease in turbul-

ent intensity in the approach flow. With no change to the boundary layer 

generating apparatus, the turbulent intensity profile should remain sensibly 

constant, and the change was attributed to a difference in the turbulence 

imparted to the flow by the fan blades. 

investigation. 

This problem requires further 

(a) Leeward Mean Velocity Reduction: U/U isotachs (lines of con
o 

stant relative mean velocity) are plotted for the solid fences in Fig. 

8.6 and for the permeable fences in Fig. 8.7. It should be noted that 

in all the isotach and isoturb (lines of constant turbulent intensity) 

graphs the rate of change of U/U or u'/U with x/H and z/H is small in 
0 

regions remote from the fence. Allowing for the ±2% uncertainty in meas-
-urement of u, placement of isotachs for U/U > 0.9 and < 1.08 should 

0 

strictly include a band of uncertainty up to 4H in width. A similar band 

of uncertainty is required for isoturbs where u'/U is less than about 0.2. 

Comparing first the tests of fences of different height at maximum 

tunnel speed, it is seen from Figs. 8.6 and 8.7 that for both the solid 

and 50% permeable fences there is a greater reduction in leeward mean vel

ocity as fence height (and thus the ratio H/z ) increases, particularly 
0 

for U/U < 0.8. 
0 

and 5 em fence. 

The difference is most marked between the 2~ em fence 

The differences between the fences vary across the lee-

ward flow field, but for both the solid and 50% permeable fences, relative 

velocities, U/U are up to 20% lower for the 5 em fence than those for the 
Ol 
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2!;z em fence 

5 em fence 

10 em fence 

Fig. 8.4 Visualisation of flow -reattachment 

using cotton tufts. (Nos . refer to Scm fence) 
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2~ em fence, whereas relative velocities at any location leeward of the 

10 em fences are only up to 5 - 10% lower than for those of the 5 em fence. 

For values of U/U greater than 0.8, the 10 em fence begins to show poorer 
0 

mean wind reduction than the 5 em fence. This was attributed to the pass-

ible presence of a working section blockage effect with the higher fence. 

The trends noted above were also present in plots of the raw data in the 

form of U/UH isotachs, but were less marked. 

Comparing now the tests at different speeds,it is seen that with 

both the 2~ em and 5 em fences there is a lesser reduction in mean velocity 

in the leeward flow as approach flow velocity increases. This difference 

is generally less than 5% of the U/U value at low approach flow velocity, 
0 

everywhere, with the solid fences, but is up to 15 - 20% close behind the 

50% permeable fence. The deterioration in shelter effect with increasing 

flow velocity was not predicted in the theoretical discussion and review 

of Chapter 7. With reference to the U/U isotachs of Figs. 8.6 and 
0 

8.7, it should be further noted that: 

(i) with the 10 em fences1 measurements were possible to a 

leeward distance of only 20H because of the restricted 

test section length; 

(ii) with the solid fences recovery of U/U to values as high 
0 

as 1.3 occurred because of the absence of downstream 

floor roughness. 

For all subsequent tests (incl. Fig. 8.7), the downstream Torro baseboard 

floor panels were fitted to give a more realistic surface roughness. 

These panels improved the self-preservation of the simulated boundary 

layer between X = 9 m and X = 11 m. This can be seen in Fig. 8.8. 

(b) Leeward Turbulent Intensity: Graphs of u'/U turbulent 

intensity isoturbs in the leeward flow are presented for the solid fences 

in Fig. 8.9 and for the 50% permeable fences in Fig. 8.10. Comparing 

first the fences of different height tested at maximum tunnel speed, it 

is seen that as fence height increases, the turbulent intensity at any 

leeward location (x/H, z/H) tends to increase for intensities greater 

than about 0.25. This change is most marked again between the 2~ em 

and 5 em fences, where the increase in u'/U is as high as 15% of the 

value for the 2~ em fence with the solid fence, and as high as 10% with 

the 50% permeable fence. Between the 5 em and lOcm fences, the increase 

in intensity is generally less than 5% of the value for the 5 em fence. 
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For turbulent intensities less than about 0.20, the above trend is no 

longer present, and with increasing fence height the influence of the lower 

turbulent intensity at any height z/H in the approach flow is seen in the 

leeward flow, where there is a slight tendency for u'/U to be lower at a 

given location (x/H, z/H). 

In general there is a clear trend in these scale effect test results 

for zones of high turbulent intensity to be also zones of low mean veloc-

ity, and this trend is maintained as fence height changes. Thus, the 

improvement in mean velocity reduction with increasing fence height is 

accompanied by increasing leeward turbulent intensities. It was noted 

in recording the test data, that u'/UH changed relatively little (less 

than 4%) at a given location (x/H, z/H) as fence height increased, and that 

particularly between the 2~ em fence and 5 em fence, the change in u'/U 
-tended to be dictated by the change in the local leeward mean velocity, U. 

Close behind the fences (e.g. for x/H <4) the approximate inverse proport

ionality between u'/U and U/U was not detectable. 
0 

Comparing now the isoturbs in Fig. 8.9 and Fig. 8.10 for the tests 

at different approach flow velocity, contrary trends are present. The 

2~ em and 5 em solid fences show an increase in turbulent intensity at most 

leeward locations (x/H, z/H) , except near the ground close behind the fence 

at lower approach flow velocity. The magnitude of any intensity increase 

above z/H = 1 is less than 5% of the intensity at the same location in the 

high velocity test, but with the 2~ em fence the intensity increase above 

z/H = 1 is as high as 15%. With the 50% permeable fence there is, however, 

a decrease in turbulent intensity at most locations at lower approach flow 

velocity. This was contrary to the expected trend for higher turbulent 

intensities to accompany the greater mean velocity reduction in the low 

velocity tests, and was probably related to the large decrease in turbulent 

intensity in the approach flow in the low velocity tests at Sl5 (see Fig. 

8. 5). The low velocity tests were not intended to be a complete series, 

and further tests would be needed to properly analyse the above noted trends. 

Further observations on mean velocity and turbulent intensity magnit

udes in the fence leeward flows are made in 8.3.3 and 9.1.5. 

(c) Leeward u Component Energy Spectra: 

(i) 0% Permeable Fences: Energy spectra downstream of the solid 

fences were measured only for the tests at maximum approach flow velocity 

and only at x/H = 6 

plotted in the form 

and z/~= 0.6. These spectra are shown in Fig. 8.11, 

nS(n~u2 
vs nH/U. If exact similarity were maintained 
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between the scale of the approach flow structure and the fence height, 

that is, if the ratio H/z were held constant, it would be expected that 
0 

spectra plotted in the above form should collapse onto a single curve. 
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In Fig. 8.11 it is seen that this does occur to a degree, but with increas

ing fence height and thus an increase in the ratio H/z , there is a slight 
0 

increase in sharpness of the spectral peak and a dimensionless frequency 

shift of the spectrum to higher frequencies as fence height increases. 

This implies that with increasing H/z in the approach flow, there is a 
0 

decrease in average eddy size in relation to fence height even quite close 

to the fence in the leeward flow. 

The approach flow spectrum at z = 5 em is plotted for comparison in 

Fig. 8.11, and it is seen that in the near wake of the fences the scale 

of turbulence is smaller than in the approach flow, for instance, comparing 

spectral peak frequencies 

[~] 
p 5 em 

"' 18.6: 16.7: 12.1: 1.0. 

approach 
flow 
z = 5cm 

The spectrum peak is also sharper in the leeward flow than in the approach 

flow. The leeward flow spectra exhibit a region of -2/3 slope that increas-

es with increasing fence height. This indicates obedience to the Kolmog-

oroff -5/3 spectrum law and the presence of an inertial subrange. 

(ii) 50% Permeable Fences: Energy spectra here were measured at 

x/H = 2, 6, and 15, and are shown in Fig. 8.12, plotted in the same form as 

for the solid fences. In the tests of fences of different height at max-

imum flow velocity, there is the predictable increase in leeward length 

scale of turbulence as fence height increases, so that with frequency ex

pressed nH/U, there is an approximate collapse of the spectra onto a common 

curve as for the solid fences. The following features of the spectra in 

Fig. 8.12 should be noted: 

(a) as with the solid fences, a similar but less marked trend 

for the spectrum to shift to a higher dimensionless frequency 

with increasing fence height; 

(b) a decrease in dimensionless peak frequency with downstream 

distance and a return to the approach flow spectral form; 

(c) spectrum shape similarity over a greater part of the 

frequency range as downstream distance increases. Close 

to the fence (x/H = 2) the spectral peaks appear more closely 
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grouped and the 2~ em fence shows distinctly more low 

frequency energy; 

(d) at x/H = 15, the effect of the fence on the spectral 

content of the leeward flow turbulence has almost dis

appeared, as shown by the similarity to the approach 

flow spectrum. 
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For comparison with the solid fence results, dimensionless 

spectral peak frequencies in the leeward flow at x/H = 6 are in the ratio 

[n:] [n:] 
p lOcm p 5 em 

= 5.6 : 4.7 : 4.2 : 1.0. 

[;] 
p 2~ em 

[n:] 
p approach 

flow 
z = Scm 

The lower dimensionless peak frequencies at x/H = 6 with the 50% permeable 

fence suggest a more rapid return to the approach flow spectral content 

with these fences than with the solid fences. 

Comparing now the spectra for the 5 em 50% permeable fence at high 

and low approach flow velocity, it is seen in Fig. 8.12 that at each locat

ion the spectrum at low approach flow velocity is shifted to a higher dim

ensionless frequency. At x/H = 2, this difference is small, explainable 

by the direct influence of the fence boarding dominating the spectral dis

tribution of turbulent energy. At x/H = 6 and, less markedly, at x/H = 15, 

it appears that a decrease in the amount of low frequency large scale turb

ulence in the approach flow as its velocity was decreased is manifested in 

the more downstream leeward flow as a higher dimensionless peak frequency 

in the spectrum. 

The results of Figs. 8.6 to 8.12 show that a definite scale effect 

occurs as the ratio H/z is increased. This scale effect appeared to be 
0 

in agreement with the discussion of 7.2.2. The fence height and approach 

flow velocity scale effects are discussed in 9.1.2. 

8.3.3 Tests of 5 em High Fences of Different Permeability at 

Maximum Flow Velocity: 

These tests were all carried out with the hot wire probe traversing 

at 815, with the approach flow mean velocity and turbulent intensity 

profiles as shown in Fig. 8.5. Leeward flow isotachs and isoturbs are 

compared first for the four basic selected fence permeabilities of 0%, 20% 

34% and 50%, and then for different configurations of a given fence 
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permeability. Energy spectra for the fences of different permeability 

are then presented. 

(a) Leeward Mean Velocity Reduction: 

views of the four basic fences. These were 

Fig. 8.13 shows photographic 

0% permeable aluminium 

fence, 20% permeable horizontally slatted wood fence, 34% permeable per

forated metal fence, and 50% permeable horizontally slatted wood fence. 

Leeward U/U isotachs for these fences are presented in Fig. 8.14. As 
0 

with the scale effect tests, these isotachs must be considered with a band 

of uncertainty about 4H in width for U/U greater than about 0.9. The 
0 

isotachs of Fig. 8.14 show a general improvement in mean velocity reduction 

with decreasing fence permeability, particularly close to the fence. The 

20% permeable fence appears to give the best overall mean velocity reduction, 

a result confirmed by evaluating the integral, 

= 

f 
I• 5 J45'~U--.o 'Total Velocity' d (~) d (~) •••• (8 .1) 

0 0 

The value of this integral was 106, 102, 123 and 131 for the 0%, 20%, 34% 

and 50% permeable fences respectively. The change in shelter effect may 

be compared, for instance, by examining the relative position of the 0.4 

isotach or 0.5 isotach as fence permeability changes. 

In general it is seen that as fence permeability increases the height 

of the sheltered zone gradually decreases (compare the 0.9 isotachs), and the 

maximum velocity in the displacement flow over the fence decreases with the 

weaker displacement flow. With increasing fence permeability the maximum 

reduction in mean velocity was also found to be less, and the point of min-

imum leeward velocity moved further downstream. This is shown in Table 

8. 3a,below. Secondary mean velocity minima were present. With the solid 

fence the main minimum was U/U ~ 0.15, at x/H = 0+ over most of the fence 
0 

height, while a secondary minimum U/U = 0.29 was present close to the ground 
0 

between x/H = 6 and x/H = 8. With the 34% and 50% permeable fences a small 

secondary minimum of the same magnitude as the ground level minimum downstream 

was present at x/H = 0+ and z/H ~ 0.7. 
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Fig. 8.13 Tests of 5 em high fences of different permeability 
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TABLE 8. 3a 

Streamwise Locations of Mean Velocity Mirtima 

in Fence Leeward Flow (Secondary minima irt brackets) 

Permeability x/H . u;u 
<P % 

m~n 0 min 

0 0+ ( .... 7) 0.15 (0.29) 

20 2 0.16 

34 4 (0+) 0.30 

50 5 (0+) 0.40 

In Fig. 8.15, U/U isotachs for the 20% permeable horizontally and 
0 

vertically slatted fences are compared. The vertically slatted fence ex-

hibits a less strong displacement flow than the horizontally slatted fence, 

but at the same time shows greater mean velocity reduction in the region 

close behind the fence. For instance, below z/H = 1, U/U values for the 
0 

vertically slatted fence are typically lower than for the horizontally slat

ted fence by about 20% at x/H = 2, 15% at x/H = 8 and 5% at x/H = 15. 

Based on the open area of the fence boarding, or palings alone, both these 

fences were 20% permeable but with inclusion of the fence posts, and in the 

case of the vertically slatted fence, the top and bottom rails, the vertic

ally slatted fence permeability was about 18% as against 19% for the horiz-

ontally slatted fence. This small difference was not considered likely to 

cause the difference in wind reduction performance, and it appears that the 

vertically slatted fence may introduce less shear (and w component turbul-

ence) for a given reduction in mean velocity. Both the 20% permeable fences 

gave mean velocity minima at x/H = 2 and z/H < 0.2. 

In Fig. 8.16, U/U isotachs for the two 34% permeable fences are com-
o 

pared. Within the region bounded by the fence, the ground and the line 

joining the points (x/H = 0, z/H = 1) and (x/H = 8, z/H = 0), the Torro 

block fence shows a 30% to 50% greater reduction in mean velocity than the 

perforated metal fence. Outside the above region1 differences in mean vel

ocity reduction between the two fences are negligibly small, except in the 

displacement flow just above and to leeward of the fences
1
where at x/H = 1 

and z/H = 1.5,the Torro block fence shows a higher maximum velocity corres-

pending to its lower bleed flow velocities. More accurate assessment of 

the permeability of the Torro block fence shows that if the small knobs on 

top of the blocks are allowed for, the permeability is about 30%, rather 

than 34%. This would partly explain the lower mean velocities in the near 
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wake with this fence. The coarseness of the permeability may also affect 

the mean velocity reduction. If A is the area of a hole in the fence 

in each case, then 

0.08 for the perforated metal fence 

and 
H 0.2 for the Torro block fence. 

The coarser permeability elements of the Torro block fence appear more 

effective in converting the bleed flow kinetic energy into turbulent eddy

ing than the fine holes in the perforated metal fence. This explanation 

is doubtful as in both cases the Reynolds number based on hole dimension ~' 

was over 2000 and a Reynolds number effect on the fence drag force seems 

un~ikely. 

In Fig. 8.17, the U/U isotachs for the three nominally 50% permeable 
0 

fences are shown. Since fence posts, or horizontal railings carrying vert-

ical fence boards, occupy very little of the frontal area of the fence, it 

was considered more realistic to base the permeability on the open area of 

the boarding alone, and on this basis the true permeabilities were 50%, 55% 

and 59% for the horizontally slatted, vertically slatted and lattice work 

fences respectively. A rigorous comparison of the effect of different 

permeability configurations would require all the permeabilities to be with-

in the range (50 ± 1)%. Comparing the isotachs of Fig. 8.17, it is seen 

that a gradual lessening in mean wind reduction occurs as fence permeability 

increases. Compare, for example, the relative position of the 0.5 or 0.9 

isotachs. Differences in mean wind reduction between the three fences are 

not great except in the region close behind the fence dominated by the bleed 

flow. Differences in U/U between the horizontally and vertically slatted 
0 

fences are generally less than 5% of the horizontally slatted fence value 

for U/U greater than 0.6, but for U/U less than 0.6 the differences increase 
0 0 

up to 20% as the fence is approached. Between the vertically slatted fence 

and the lattice work fence, differences in U/U are generally 3 - 10% of 
0 

the value for the vertically slatted fence when U/U is less than 0.9, but 
0 

negligible for U/U greater than 0.9. 
0 

The improvement in mean velocity reduction with lower fence permeab

ility is reflected in the leeward mean velocity minima, as shown below in 

Table 8.4. The main minima were close to ground level (z/H < 0.2). In 

each case a secondary minimum appeared at x/H = 0+ and z/H = 0.7. 



..L 
H 

(a) 50"1. PERMEABLE- ~RIZONTAL SLATS 'I\ 
3~ \ 

/ 
24 40 44 

(b) 55 Of. PERMEABLE- VERTICAL SLATS 
4 

3, 

~ olt,9~ 

:ft·~~ ,/' ' 4 8 12 16 20 24 28 32 36 40 44 
4 f- (c) 59 •f. PERMEABLE - LATTICE V«>RK 

3 1-03 

1-0 

0-9~ o.g 
0-85 

-55~~~~\~ .. 
4 8 12 16 20 24 28 32 36 40 44 

Distance Downstream fr 
Fig. 8 ·17 ~ ISOTACHS DOWNSTREAM OF 50"/t~SS% & 59% PERMEABLE FENCES. ll. = 11 .34m/s~ 

w 
()) 
~ 



TABLE 8.4 

Streamwise Locations of Mean Velocity Minima in 

Fence Leeward Flow (Secondary minima in brackets) 

Fence Type Permeability x/H . u;u 
~% 

m1n 0 

Horizontal 50 5 (0+) 0.4 
Slats 

Vertical 55 6 (0+) 0.49 
Slats 

Lattice 59 5 (0+) 0.54 
Work 

385. 

min 

(0.4) 

(0.52) 

(0.50) 

: 

Figure 8.18 shows isotachs and isoturbs for a fence constructed with 

the lower 2~ em solid and upper 2~ em 50% permeable. Close to the fence 

the isotachs are similar to those for the solid fence, Fig.8.14, but with a 

lower minimum velocity U/U = 0.13 occurring immediately behind the fence 
0 

at z/H = 0.3. The mean velocity reduction is at least as good as that for 

the solid fence for U/U < 0.35. For 0.35 < U/U < 0.8, the reduction in 
0 0 

mean wind velocity is less than for the solid fence but greater than for 

the 50% permeable fence. For U/U ~ 0.8, the reduction in mean wind vel
o 

ocity is inferior to that for the 50% permeable fence. 

(b) Leeward Turbulent Intensity: In the tests of fences of diff-

erent permeability, the presence of high turbulent intensity in zones of low 

mean velocity was observed as for the fence height scale effect tests. The 

relationship between relative mean velocity U/U , and turbulent intensity 
0 

u'/U, in the leeward flow field is discussed in detail in 9.1.6. 

In Fig. 8.19, u'/U isoturbs are shown for the four basic fences of 

0%, 20%, 34% and 50% permeability, A decrease in turbulent intensity at 

any location (x/H, z/H) is generally evident as fence permeability decreases, 

as seen, for instance, by comparing the relative position of the 0.4 or 0.5 

isoturb. The decrease in turbulent intensity with increasing fence perm

eability appears to predictably accompany a lesser reduction in mean velocity 

(see Fig.8.14), except in the region close behind the fence (x/H < 4 to 6), 

where a less definite relationship between u'/U and U/U occurs. 
0 

In Table 

8.5, locations of the ground level (z/H < 0.2) mean velocity minima and 

associated turbulent intensity maxima are compared. For each fence it is 

seen that the turbulent intensity maximum lies lH to 2H downstream of the 

mean velocity minimum. 
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TABLE 8.5 

Comparison of Locations of Ground Level Mean Velocity Minima 

and Turbulent Intensity Maxima 

Fence Permeability ~ % 5;5 at x/H u'/5 at x/H 
0 min 

max 

0 0.29 -7 0.75 8 

20 0.16 2 0.67 4 

34 0.30 4 0.56 6 

50 0.40 5 0.43 6 

In Fig. 8.20, u•;5 isoturbs are compared for the two 20% permeable 

configurations. The vertically slatted fence shows slightly higher turbul-

ent intensities close behind the fence corresponding to the greater mean 

velocity reduction in the near wake with this fence. Turbulent intensities 

are 5% to 10% higher for the vertically slatted fence than for the horizont

ally slatted fence at x/H = 2, and this difference decreases to zero for 

x/H > 25. As with the isotachs, the isoturbs for these two fences show 

good shape similarit~ both exhibiting turbulent intensity maxima at x/H ~ 4. 

In Fig. 8.21, u'/5 isoturbs are compared for the two 34% permeable 

configurations. Here the Torro block fence shows predictably higher turb-

ulent intensity close behind the fence corresponding to the lower 5;5 values 
0 

with this fence. Within the region bounded by the fence, the ground and 

the line joining points (x/H = 0, z/H = 1) and (x/H = 8, z/H = 0), the 

average turbulent intensity for the Torro block fence is about 40% higher 

than that for the perforated metal fence, but outside this region differ-

ences are very ~mall. In the far field the perforated metal fence iso-

tachs and isoturbs indicate slightly greater shelter effect, but here the 

comparison is within the limits of measurement uncertainty. The turbulent 

intensity maximum for the Torro block fence is at x/H = 4 compared with 

x/H = 6 for the perforated metal fence. 

ive solidity of the Torro block fence. 

This reflects the greater effect-

Isoturbs for the three nominally 50% permeable fences are shown in 

Fig. 8.22. With decreasing permeability a reduction in turbulent intensity 

accompanies the lesser reduction in mean velocity. Between the horizont-

ally and vertically slatted fence,differences in u'/5 are generally less 

than 5% of the value for the horizontally slatted fence for u'/5 < 0.3, but 

up to 20% nearer the fence. Between the vertically slatted and lattice 

work fences differences in intensity are only significant close to the fence 
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and are generally less than 10% of the vertically slatted fence value. The 

increase in effective permeability is reflected in the locations of the 

ground level turbulent intensity maxima, which are 0.43 at x/H = 6, 0.36 

at x/H = 9 and 0.35 at x/H = 8 for the 50%, 55% and 59% permeable fences 

respectively. 

The u'/U isoturbs for the part solid, part 50% permeable fence shown 

in Fig. 8.18 show a maximum intensity of 0.7 at x/H = 0+ and z/H = 0.6, with 

a secondary maximum of 0.69 at x/H = 8 and z/H < 0.2. Intensities are sim-

ilar to those for the solid fence (Fig. 8.19) for u'/U ~ 0.6. For u'/U 

< 0.6 the intensities fall off much more rapidly than for the solid fence, 

corresponding to the domination of this region of the leeward flow field by 

the 50% permeable portion of the fence. 

(c) Leeward u Component Energy Spectra: Where close similarity 

exists between results for fences of similar permeability but different con

figuration, only one of the spectral density curves, typical of the results 

is shown. Energy spectra for fences of different permeability are shown in 

Fig. 8. 23, plotted in the form nS (n) /u2 vs nH/U. Below, observations in 

regard to these spectra are made briefly. Detailed discussion of trends 

in the spectra, and a tabulated summary of spectral peak frequencies, are 

presented in 9 .1. 5, p. 419. 

In examining the spectra of Fig. 8.23, it must be remembered that the 

action of the fence on the turbulent spectrum of the approach flow is to 

introduce higher frequency energy of smaller average eddy size than that 

incident on the fence. Downstream of the fence, the spectrum gradually 

recovers its upstream form, as the fence generated turbulence decays with 

increasing scale, and the more permanent large scale structure of the approach 

flow again predominates. 

From Fig. 8.23, it is seen that: 

(i) As x/H increases there is a dimensionless frequency shift 

of the spectrum to lower frequencies, and a recovery of the 

approach flow spectrum form that appears slightly more rapid 

with the more permeable fences. 

(ii) The spectrum shape at x/H = 2 is more characteristic of the 

turbulence generated by the fence and the peak frequency 

at x/H = 2 increases with increasing fence permeability. 

(iii) The solid fence appears to cause less high frequency shift 

in the spectrum close to the fence, in comparison with the 
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approach flow spectrum, but further downstream appears 

to recover the upstream spectral form and peak frequency 

more slowly than the permeable fences. 

In Fig. 8.24, spectra at x/H = 2 are compared for the different 

configurations of the fences of 20%, 34% and 50% nominal permeability. 

For locations further downstream, spectra for different configurations of 
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a fence of given permeability were the same within the limits of experiment-

al measurement uncertainty. With the 20% permeable fences the vertically 

slatted fence gave a higher peak frequency close to the fence despite the 

lower mean velocity in its lee. A contributing factor here may have been 

the shedding of vortices in the horizontal plane by the vertical fence boards. 

The resulting strong v component turbulence would not be sensed by the 

horizontal hot wire and the scale of turbulence sensed should tend high. 

Comparing the 34% permeable fences, the Torro block fence appears to give a 

slightly less peaked spectrum form close to the fence, but the differences 

between the results for the two fences are almost within the experimental 

measurement uncertainty. For the 50% permeable fences it is seen that the 

dimensionless peak frequency increases
1 

and there is generally more high 

frequency energy and greater departure from the approach flow spectrum 

form
1
as the permeability increases slightly from 50% through 55% to 59%. 

Generally the spectrum form for all fences at x/H = 2 was dictated by the 

fence permeability, with increasing influence of the approach flow turbulence 

structure as the flow moved further downstream. 

With the part solid, part 50% permeable fence of Fig. 8.18, the spect

rum at x/H = 2 was most similar to that of the 20% permeable horizontally 

slatted fence. At x/H = 6 and 15, spectra were most similar to those 

for the 34% permeable fences. 

ed. 

Spectra for this fence have not been includ-
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CHAPTER 9 

DISCUSSION AND CONCLUSIONS TO THE FENCE MODELLING 

PROGRAMME 
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In this chapter, the results of Chapter 8 are discussed and compared 

where possible with existing field and wind tunnel data. A closer examin-

ation of the leeward flow field turbulence is found to show more clearly 

the regions dominated by the bleed flow and the regions dominated by the 

displacement flow. A simple equation is found to relate relative mean 

velocity, U/U , and turbulent intensity, u'/U, over most of the leeward 
0 

flow field and the effect of the fence permeability on the turbulence spect-

rum is qualitatively described. Conclusions are able to be drawn as to 

the effectiveness of wind tunnel modelling of shelter fences, and as to the 

optimum permeability for mean wind reduction, but the definition of an 

'effective velocity' reflecting the relative importance of mean velocity 

reduction and leeward turbulence remains elusive. 

9.1 DISCUSSION OF EXPERIMENTAL RESULTS 

9.1.1 Visualisation of Flow Reattachment Behind Solid Fences: 

The reattachment distance behind the 0% permeable 5 em fence erected 

in a model atmospheric boundary layer flow scaled so that H/z ~ 100, was 
0 

typically x/H ~ 9. In 7.2.2 it was noted that in the atmosphere, reattach-

ment distances behind dense windbreaks fall in the range lOH to 15H, and 

the discussion of 7.2.2 showed that with a decrease in the ratio H/z the 
0 

leeward reattachment distance became shorter. Thus the reattachment 

distance of 9H observed, indicates that the present tunnel results are 

typical of a flow where the ground is fairly rough in relation to the fence 

height, and it is considered that a similar reattachment distance would be 

found on rough rural terrain with relatively low windbreaks. Of the lab-

oratory results examined, de Bray's (1971) reattachment distance of 11.2H 

was the shortest. However, horizontal profiles of relative mean wind veloc-

ity behind de Bray's model fences are characteristic of an approach wind 

boundary layer over fairly smooth terrain (H/z estimated at > 500,) as 
0 

shown in Fig. 9.1. This was to be expected, as in de Bray's work only the 

approach flow mean velocity profile was rigorously modelled and the turbulence 

was of small scale and intensity, characteristic of fairly smooth ground. 

The small increase in the reattachment distance observed in the present 

tests as the ratio H/z was increased with increasing fence height (see 
0 



Table 8,3) is in agreement with the prediction of improved wind shelter 

with increasing H/z • 
. 0 

This is discussed further in 9.1.2. 

9.1.2 Fence Height Scale Effect Tests: 

In agreement with the theoretical discussion of 7.2.2, the scale 

effect tests showed a clear improvement in mean velocity reduction at a 
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given leeward location (x/H, z/H) as the ratio H/z ~1as increased. Fig. 
0 

8.6 for instance, shows that 5;5 at any leeward location behind the 10 em 
0 

fence is up to 30% lower than the value for the 2~ em fence, and this im-

provement in mean wind reduction was obtained for a fourfold increase in the 

ratio H/z • 
0 

Turbulent intensity values for the tests at high H/z were 
0 

correspondingly higher. The greater difference in shelter effect between 

the 2~ em fence and the 5 em fence, than between the 5 em fence and the 

10 em fence, indicates a non-linearity in the variation of shelter effect 

with H/z
0

• This supports the logarithmic variation in CD with H/z
0 

given 

by Equations 7.3 and 7.4. (p.33l). 

The fence height scale effect tests have shown that a very significant 

change in the shelter effect of a windbreak will occur as the ratio H/z 
·o 

changes. With rural z
0 

values as in Fig.2.7 (p.·3o) and windbreak heights 

about lm ~30m, a range of H/z values between 5 and 15000 may be expected 
0 

in the atmosphere. With a marked change in shelter effect occurring in 

the present tests with H/z increasing by only a factor of 4, a massive 
0 

variation in shelter effect must be expected in the atmosphere where H/z 
0 

ranges over three orders of magnitude. This serves to re-emphasize the 

importance in model tests of making H/z , or the equivalent ratio H/L , the 
0 u 

X 

same in both model and full scale tests. To do this is difficult, since 

H is accurately known, but in both wind tunnel and atmosphere, the effect-

ive z may only be able to be estimated to within ± 50%. 
0 

If, however, the 

effective H/z ratio for a given fence in a given wind tunnel simulated 
0 

atmospheric boundary layer can be determined to within say ± 10%, the shelter 

given by the fence should be very similar to that given in full scale 

where H/z is the same. 
0 

One way of 'calibrating ' a given simulated atmos-

pheric boundary layer to be used for model windbreak tests would be to test 

fences of various heights until results were obtained that were similar to 

those obtained in a field test where H/z was accurately known. 
0 

A value 

of H/z for the wind tunnel flow would thus be obtained, and other H/z 
0 0 

values could be obtained by changing the height of the wind tunnel fence. 

The leeward flow energy spectra in the scale effect tests also 

illustrate the effect of increasing the ratio H/z
0

, Downstream of a 
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fence, mixing between the displacement flow and the flow in the separation 

zone (or the equivalent near wake in the case of a permeable fence) causes 

the energy spectrum to show an increasing influence from the approach flow. 

The influence of the approach flow turbulence is seen in Figs 8.11 and 

8.12 (pp373-5) where the dimensionless frequency shift of the spectrum to 

higher frequency with increasing H/z shows that the ratio between average 
0 

eddy size in the approach flow and the fence height is decreasing. This 

effect is not really present at x/H = 2, in Fig. 8.12, where,so close to the 

fence
1
the turbulence structure is dictated by the fence permeability and 

permeability configuration. The discussion of 7.2.2 indicated that with 

a decrease in average eddy size in the approach flow in relation to fence 

height, and with lower·average turbulent intensity and shear over the height 

of the fence as the ratio H/z increases, improved shelter will result. 
0 

Figs 8.11 and 8.12 therefore reflect the improved mean wind reduction shown 

by Figs 8.6 and 8.7 as H/z increases. It is also concluded that the better 
0 

the leeward mean wind velocity reduction given by a fence of given permeabil-

ity, the smaller will be the leeward length scale of turbulence in relation 

to the fence height. 

The tests of fences at different approach flow velocities did not lead 

to conclusive results. At lower velocity the decrease in approach flow 

turbulent intensity and apparently length scale, imply a decrease in the 

effective H/z value for the simulation and this is consistent with the ob-
o 

served better shelter effect at low approach flow velocity. In the tests 

of the 5 em fences, the decrease in leeward turbulent intensity that accomp

anied the improved mean wind reduction at low approach flow velocity appeared 

to be related to the large reduction in turbulent intensity upstream. 

9.1.3 Effects of Permeability Configuration: 

Following sections compare the performance of only the fences of 

Fig. 8.13 (p.378) as these fences were considered to be typical of the four 

permeabilities, 0%, 20%, 34% and 50% that it was wanted to compare. Below, 

comments are made to summarise the tests of fences of different permeability 

configuration: 

20% Permeable: The better mean wind velocity reduction given by 

the vertically slatted fence in the region close behind the fence dominated 

by the fence permeability and thus by the bleed flow, was accompanied by a 

weaker displacement flow, the expected higher turbulent intensity, and higher 

dimensionless frequency spectral energy content. In the far wake the per-

formance of the vertically slatted and horizontally slatted fences was 
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effectively the same. The greater near wake shelter effect of the vert-

ically slatted fence may be due to an interaction between the fence boards 

and the approach flow turbulence, or due to the generation of less w 

component turbulence by the fence boards than with the horizontally slatted 

fence. This problem has practical implications for the fence builder, and 

requires further investigation to determine conclusively whether the vert

ically slatted fence is more effective. 

34% Permeable: The greater mean wind velocity reduction and corres-

ponding higher turbulent intensity close behind the Torro block fence was 

probably due to a combination of its slightly lower permeability and much 

coarser permeability than that of the perforated metal fence. In terms of 

leeward comfort the perforated metal fence would probably be preferred since 

it gives a substantial mean wind reduction (70% maximum) and the smaller 

scale turbulence generated by its finer permeability would decay more rapid

ly and should cause less leeward nuisance to animals and crops than the 

coarse permeability of the Torro block fence. The mean wind reduction of 

the perforated metal fence far downstream was at least as good as, and poss

ibly slightly better than, that of the Torro block fence. The effect of 

increasing permeability coarseness indefinitely is illustrated by testing a 

fence with the lower one-third open and the upper two-thirds solid. de Bray 

(1969, 1970) tested a fence of this type and found it to be very ineffective 

in reducing leeward mean wind velocity. 

50% Permeable: With the nominally 50% permeable fences, horizontally 

slatted, vertically slatted and lattice work, the true permeability of the 

fences differed by too great an amount to compare the effect of permeabil

ity configuration. The trend for lesser mean velocity reduction, lower lee

ward turbulent intensity and higher dimensionless frequencies in the near 

wake spectrum with increasing fence permeability was confirmed in these 

tests. The 59% permeable lattice work fence gave values of relative mean 

velocity U/U , close behind the fence,which were up to 30% higher than the 
0 

value at the same location for the 50% permeable horizontally slatted fence. 

The approximate 70% increase in dynamic head that can therefore occur close 

behind the fence as permeability increases about 10% at fairly high permeab

ility, shows the need to test a range of highly permeable fences as well as 

low permeability fences, to see how the average leeward mean velocity re

duction changes with ~. 

The isotachs and isoturbs of Fig. 8.18, for the part solid, part 50% 

permeable fence, show in comparison with Fig. 8.14 (p~79), that this fence 
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gave mean velocity reduction better than that of the 50% permeable fence 

close to the fence, but poorer beyond 20H downstream. The vertical extent 

of shelter was greater than for the 50% permeable fence, but less than for 

the solid fence. For a given quantity of timber in the fence, a uniformly 

25% permeable fence of the same height would give superior performance to 

the part solid, part 50% permeable fence of Fig. 8.18. 

9.1.4 Leeward Mean Velocity Reduction vs Fence Permeability: 

Discussion in this and following sections is confined to the four 

basic 5 em high fences of 0%, 20%, 34% and 50% permeability shown in Fig. 

8.13 (p.378). Ideally it would have been desirable for the 34% permeable 

fence to be horizontally slatted for greater consistency. The ratio 

D/H = 0.08 between hole diameter and fence height in the perforated metal 

fence was, however, similar to the ratio B/H ~ 0.04 for the equivalent horiz

ontally slatted fence built from 1/8 in boards. 

A comparison of leeward mean velocity reduction behind fences of diff-

erent permeability is possible from Fig. 8.14 (p.379). These wind tunnel 

fence performance data are now compared with previous experimental results. 

A comparison between the U/U isotachs of Fig. 8.14 and those of Hagen and 
0 

Skidmore (1971) in Fig. 7.7 shows that agreement between the present wind 

tunnel results and the earlier field test results is qualitatively good, and 

in the streamwise direction also quantitatively good. In the vertical 

direction there is a tendency for the wind tunnel isotachs to be 'squashed' 

above z/H = 1, i.e. higher relative velocities and a lesser vertical extent 

of mean wind reduction. This is particularly noticeable only for the first 

few fence heights downstream of the fence. A similar effect was noticed 

in comparing the present results with field results of Stoeckeler (1962) 

for a 16 ft slatted wood fence. Possible causes for this are :-

(i) a working section roof blockage effect. This was considered 

unlikely as the 5 em fences (solid) caused only 4% blockage 

of the working section cross-sectional area; 

(ii) higher levels of Reynolds stress, -puw, in the approach flow 

than those characteristic of the linear scale of the simulated 

atmospheric boundary layer. This was discussed in 6.4. High 

Reynolds stress values would tend to result in greater transfer 

of streamwise momentum back into the zone of reduced mean vel

ocity behind a fence and cause the observed reduction in height 

of the sheltered zone. 
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Overall, the isotachs of Fig. 8.14 (;p~379) show closer similarity to 

field results than do those of earlier wind tunnel tests. This was seen 

by comparing with isotachs of Woodruff and Zingg (1952, 1955) and of de Bray 

(1971). Here comparison with previous work is made by considering horiz-

ontal profiles of relative mean wind velocity, U/U in the vicinity of 
0 

z/H = 0.5 in the leeward flow. The height z/H = 0.5 was chosen because: 

(i) of the availability of previous results measured at this 

height; 

(ii) with the present results, evaluation of the most effective 

windbreak permeability using 

'Total Velocity' 
d [fr]' •••. (9.1) 

taken at z/H = 0.5 (or at z/H = 0.2) led to the same heirarchy 

of performance of the fences of different permeability as using 

the more rigorous area integral of Equation 8.l(p.377). Horiz-

ontal profiles of relative mean velocity are plotted in Fig. 9.1. 

0% Permeable Fence, Fig. 9.la: The solid fence results in the pres-

ent work show very good similarity to the field results of Jensen and 

Franck (1963) and of Hagen and Skidmore (1971) where a similar value of 

H/z held for the flow conditions. 
0 

Typical results from previous wind tun-

nel simulations plotted for comparison show a progressive overestimation of 

the mean wind reduction with increasing effective H/z • 
0 

Results of Wood-

ruff and Zingg (1952) for instance, were obtained over a smooth wind tunnel 

floor where no attempt was made to simulate the atmospheric boundary layer. 

In Fig. 9.la it is seen that between x/H = 4 and x/H = 8 there is an 

apparent slowing in the rate of mean velocity recovery in the leeward flow. 

An exactly similar phenomenon was noticed by Naegeli (1953) in the flow 

downstream of a dense reed mat of 15% to 25% permeability, and van Eimern 

et al (1964) report a similar trend in field results of van Eimern (1954) • 

This was at first explained on the basis that the local slowing in mean 

velocity recovery between x/H = 4 and x/H = 8 was due to the downstream 

end of a reverse flow eddy where considerable vertical flow was present. 

Kaiser (1959) indicated that this apparent slowing in mean velocity rise 

was not due to a region of strong vertical velocity, by testing cup anemom

eters in a wind tunnel flow at inclinations up to 40°- 45°. Kaiser found 

only a slight effect on the anemometer reading due to the flow inclination, 

and concluded with the support of qualitative field turbulence measurements 

behind windbreaks, that what was occurring was a local region of high 
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turbulence, for x/H less than about 4, that made the cup anemometers read 

high. This created an apparently high rate of recovery of mean velocity 

between x/H = 0 and x/H = 4 and also the impression of a slowing in mean 

velocity recovery rate between x/H = 4 and x/H = 8. Kaiser's conclusion was 

substantiated by van Eimern et al (1964). 

The analysis of hot wire anemometer errors in Appendix 6 indicates that 

the hot wire anemometer may overestimate mean velocity in regions where 

turbulent intensity is high, and this could explain the presence of an appar

ent slowing in the rate of mean velocity rise between x/H = 4 and x/H = 8 as 

in field results. The consistent correlation between low mean velocity and 

high turbulent intensity observed in the leeward flow isotachs and isoturbs 

of Fig. 8.14 and 8.19 (pp379-87~ends, however, to refute this explanation. 

Further, the isoturbs of Fig. 8.19a show a local increase in turbulent in

tensity between x/H = 4 and x/H = 8 at z/H = 0.5, the very region where there 

is an apparent lull in the recovery of mean velocity. 

It is suggested that this phenomenon observed in the leeward horizont

al mean velocity profile is in fact due to the mean velocity distribution 

in the separation zone, and that the increase in the rate of mean velocity 

rise downstream of x/H = 8 relates to the downward diffusion mean flow 

momentum in the 'reattaching' displacement flow. The velocities in the lee

ward descending displacement flow are on the average higher than in the sep

aration zone, and across the separation streamline there should be an increase 

in the rate of mean velocity recovery as shown by the steeper gradient, 

d[~ol ;dr~l between x/H • 8 and x/H • 12. With increasing 

fence permeability and thus increasing bleed flow velocity, this effect on 

the leeward horizontal velocity profile should disappear. 

20% Permeable Fence, Fig. 9.lb: With the 20% permeable horizontally 

slatted fence there is good similarity to the field results of Sturrock 

(1969) and Hagen and Skidmore (1971), where the H/z values were similar to 
0 

that in the tunnel. The fences of Naegeli (1953) and Schultz and Kelly 

(1960) erected in a region of lower estimated H/z give less reduction in 
0 

mean velocity. 

34% Permeable Fence, Fig. 9.lc: Here the mean wind reduction given 

by the 34% permeable perforated metal fence was poorer than that given by 

the more permeable fences of Jensen (1958) and Hagen and Skidmore (1971) . 

The results do, however, lie more centrally in the band of scatter of the 

field results than previous wind tunnel results (e.g. that of Baltaxe 1967). 

Permeability configuration would affect these comparisons to a degree. The 
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34% permeable Torro block fence horizontal profile at z/H = 0.5 would lie 

closer to that of. Hagen and Skidmore (1971}. It can be seen in Fig. 9.lc 

that Jensen's (1958) experiment showed fairly successfully that leeward 

mean velocity profiles will be similar in field and wind tunnel when the 

ratio H/z is held sensibly constant. 
0 

50% Permeable Fence, Fig~ 9~ld: This graph shows considerable 

variation in the extent of leeward mean velocity reduction depending on the 

ratio H/z for the particular profile examined. The results of the present 
0 

work with the 50% permeable horizontally slatted fence fall among those 

field results where H/z is fairly small, i.e. less than 100, but the wind 
0 

tunnel simulation has been more realistic than the earlier results of 

Baltaxe (1967) or de Bray (1971) which were characteristic of very smooth 

terrain and high H/z ratio. 
0 

To complete the comparison of the wind tunnel results with field 

results, Fig. 9.2 compares U/UH isotachs for the 20% and 50% permeable 

horizontally slatted fences with results of Naegeli (1953), measured be-

hind 2.2 m high reed mat fences, respectively 15% - 25% and 45% - 55% 

permeable. In Naegeli's tests the fence top approach flow velocity, UH, 

was 5 m/sec. In the tests of the fences of about 20% permeability (Fig. 

9.2a), it is seen that Naegeli's fence causes an initially stronger dis

placement flow and better mean wind reduction close to the fence, but further 

downstream the mean wind reduction of the wind tunnel tested fence is better. 

This indicates that the effective permeability of Naegeli's fence was slight

ly lower than that tested in the present work, and that the effective H/z 
0 

value was also lower than in the wind tunnel flow. 

In the tests of the fences of about 50% permeability (Fig. 9.2b) there 

is good similarity to the results of Naegeli 'vhen the velocity UH is low. 

At higher approach flow velocity, the mean wind reduction behind the wind 

tunnel fence tends to be poorer than that of Naegeli's fence for U/U < 1. 
H 

Further comment on the effect of approach flow velocity in Fig. 9.2b is not 

possible without knowing the approach flow turbulence structure in Naegeli's 

tests, and this was not reported. Quantitative similarity between the 

present wind tunnel results and the field results of Naegeli (1953) was 

considered acceptable, especially for the 50% permeable fences. Horizontal 

U/U profiles from Naegeli's (1953) work are also shown in Fig. 9.1. 
0 

The above comparisons, and others made with data in the literature, 

show that similarity between the present wind tunnel model fence test results 

and existing field results is good when a similar H/z value (or similar 
0 
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relationships between fence height and approach flow profiles of mean vel-, 

ocity, turbulent intensity and length scale), exists in both model and full 

scale tests. The leeward mean velocity profiles of Fig. 9.1 show that model 

tests in the present work give a better simulation of typical field results 

than other recent model fence tests, but show more importantly, that similar

ity of the effective H/z ratio between wind tunnel and atmosphere is crucial 
0 

if useful results are to be obtained. For instance, in Fig. 9.la (solid 

fences) the value of U/U at x/H = 12 varies between about 0.2 and 0.6 and in 
0 

Fig. 9.ld (50% permeable fences) between about 0.4 and 0.8, depending on the 

effective H/z ratio for the test in question. 
0 

For a 'safe' design, where 

the field value of H/z is not accurately determinable, the wind tunnel fence 
0 

should be modelled with a small effective H/z ratio as in the present work, 
0 

so that the de~ign .wind velopity reduction values at any ~eeward ],.ocattpn 

(x/H, z/B) a;re .conservativE:l. 

The previous observation (8.3.3c) that the more permeable fences 

cause a less permanent effect on the approach flow energy spectrum would 

be expected to be reflected in the leeward mean velocity reduction perform

ance. With more rapid domination of the leeward turbulence structure by 

the approach flow when fence permeability is higher, the far field mean wind 

reduction with a more permeable fence may vary more with approach flow turb

ulence structure than does the far field mean velocity reduction behind a 

solid fence. Larger samples of results than those of Fig. 9.1 or a series 

of wind tunnel tests, would be required to determine whether such an effect 

occurs. 

9.1.5 Leeward Flow Turbulence Structure vs Fence Permeability: 

In this section the leeward field of u component velocity fluctuat

ions is examined more closely, variations in u' across the leeward flow 

field are related to trends observed in the energy spectra, and u' and 

u'/U data are compared with available field data. A relationship between 

u'/U and U/U is presented in 9.1.6. 
0 

In Chapter 7 the concept was presented of the fence causing an upward 

displacement of the approach flow to create a separation (sheltered) zone 

in its lee. With increasing fence permeability there is an increasing 

bleed flow through the barrier, a less strong displacement flow, and a move

ment of the leeward mean velocity minimum (and assumed stagnation point) 

further downstream. This picture is examined in the light of turbulence 

measurements downstream of the wind tunnel tested fences. 

(a) The Leeward Field of u' Fluctuation~: For all the fences 

tested, a comparatively quiet zone was observed within the region bounded 
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by the fence, the ground and the line joining points (x/H = 0, z/H = 1) 

and (x/H = 8, z/H = 0). By 'quiet' here is meant an absence of large 

scale intense turbulent fluctuations as indicated by the relative steadiness 

of the hot wire anemometer digital DC voltmeter mean velocity reading. Out

side the above region, increasing fluctuation of the mean velocity readings 

occurred, becoming steady again only far downstream. These fluctuations 

observed on mean velocity readings correlate well with the measured u' val-

ues in the leeward flow field. An important observation was that while the 

turbulent intensity, u'/U, in the 'quiet' zone was generally high, the absol-

ute level of turbulent fluctuations, u', was low. The behaviour of 

the recording instruments indicated a turbulence source just above and to 

leeward of the fence top with each fence, corresponding to the high shear 

introduced at the fence top. This is confirmed by the data given by Plate 

(1971) in Fig. 7.2 (p.326) and by contours of constant u', or u'/UH isoturbs, 

from the present work shown in Fig. 9.3. 

In Fig. 9.3, it is seen that for each fence the maximum velocity 

fluctuation occurs at x/H ~ 1, and with decreasing fence permeability and 

increasing displacement flow the height of the . point of maximum fluctuation 

rises, as shown by Table 9.1. 

TABLE 9.1 

Location of Maximum RMS Velocity Fluctuation in Fence Leeward Flow 

Fence Permeability <I> (u' /UH) Location 
% max x/H z/H 

0 0.32 1 1.5 

20 0.29 1 1.2 

34 0.31 1 1.2 

50 0.26 1 1.1 

Table 9.1 shows that with decreasing fence permeability, the higher shear 

introduced at the fence top gives a stronger source of turbulent fluctuat-

ions, (u'/UH) increasing from 0.26 at</> =50% to 0.32 at</>= 0%. 
max 

As the field of turbulent fluctuations is convected downstream by the mean 

flow, vertical diffusion occurs, and the lower mean wind velocity below the 

top of the fence results in a steeper diffusion of the fluctuations towards 

the ground, than upward above the fence height, where mean wind velocity is 

higher. This is appal;'ent in the u'/UH isoturbs of Fig. 9.3. 
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The presence of a progressively weaker fence-top turbulence source was 

also observed with the 55% and 59% permeable fences respectively. In the 

case of the part solid, part 50% permeable fence the major source of veloc

ity fluctuations occurred at the fence top, with a subsidiary source of 

fluctuations at z/H = 0.5, where the permeability changed from 0% to 50%. 

The location of the turbulence source at the fence top, the point of highest 

shear, with even the most permeable fence (~ =59%), indicates that Kaiser's 

(1959) theoretical model will be more accurate when the momentum sink is 

placed at the fence top rather than over the whole fence frontal area. 

The leeward fields of velocity fluctuations were compared for the diff

erent fences and it was found that the differences in u'/UH between the two 

extremes, 0% permeable and 50% permeable, fell approximately in the ranges 

shown by Fig. 9.4. This figure indicates that below the top of the fence 

(z/H = 1) differences in u'/UH for the different permeabilities are generally 

less than 5%, although for the same fences, u'/U varies widely as shown by 

the isoturbs of Fig. 8.19 (p.387). The relatively small change in u' at 

a given location with changing fence permeability, (found also in the fence 

height scale effect tests), indicates that major changes in u'/U are mostly 

due to changes in leeward mean velocity, u. 

In Fig. 9.5, horizontal profiles of uYU and u'/U are plotted for 
H 

comparison at heights z/H = 0.25, 0.5, 0.75. Data given by Kaiser (1959) for 

measurements downstream of a 40% permeable hedge are also shown. Similarity 

of the u'/U profiles to the results of Kaiser in Fig. 9.5c is quite good, 

away from the direct influence of the windbreak permeability elements, and 

improves with increasing height. Fig. 9.5 shows that for x/H less than 

about 16, differences in u'/UH at any one location (x/H, z/H) tend to be 

much smaller than those in u'/U. This re-emphasises the dependence of 

u'/U on U rather than on u'' as fence permeability changes. In Fig. 9.5 

it is also seen that at z/H = 0.25 and 0.5, the normalised RMS velocity 

fluctuation u'/UH is almost everywhere less than the average value over the 

5 em fence height, in the approach flow, of about 0.2. This verifies that, 

in this region, increasing u'/U turbulent intensity is due to mean velocity 

reduction, not to an increase in u'. In the near wake of the fence, u'/UH 

at z/H = 1 tends to be greater than the approach flow value of 0.2 owing to 

the proximity of the fence-top turbulence source, but well downstream once 

again approaches the upstream value. Taking the average approach flow value 

of 0.2 for u'/UH, the isoturb contours of Fig. 9.3 show the regions where 

the level of velocity fluctuations is higher in the leeward flow than in the 

approach flow. Over the area outside the 0.2 u'/UH isoturb, u'/UH is lower 
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than in the approach flow (below z/H 1) • 

In Fig. 9.3 it is seen that in the region close behind the fence, 

roughly within the bounds of the 'quiet' zone defined above, u'/UH is typ

ically 0.1, compared with a typical value of 0.25 in the field of turbulent 

velocity fluctuations diffusing down from the fence top. 

ratio of turbulent dynamic heads, 

2 
u . 

qu~et zone = 0.16. 
2 
u displacement 

flow 

Expressed as a 

In the 'quiet' zone, the level of velocity fluctuations u' will be determin

ed by the fence permeability and this region should be dominated by the bleed 

flow turbulence structure. However, further downstream, where the bleed 

flow mixes with the displacement flow, the turbulence structure of the flow 

can be expected to be dominated by the diffusing field of velocity fluctuat

ions from the fence top-turbulence source, because of their much greater mag

nitude, as shown above. 

How does the picture of the leeward turbulence field, developing above, 

fit in with traditional concepts of the leeward flow field? In the work 

of Baltaxe (1967), reviewed in 7.2.4, illustrations of the leeward flow turb

ulence, obtained by visualisation with small rotating vanes, show the pres

ence of a downward diffusing field of turbulent fluctuations in the leeward 

flow, but Baltaxe interprets these large fluctuations as points of stagnation 

in the leeward flow. It is, however, reasonable to expect stagnation of ·the 

bleed flow against the leeward adverse pressure gradient with fences of low 

permeability. The presence of a mean flow standing eddy in the separation 

zone behind a solid fence has also been indisputably demonstrated. 

Interpreting the results of the present work, the leeward flow field 

is envisaged as regions dominated by the bleed flow and by the displacement 

flow, where the bleed flow, moving against an adverse static pressure grad

ient in the sheltered zone, reaches a velocity minimum either at a stagnation 

point, or just before the boundary adjoining the region dominated by the 

'reattaching' displacement flow. It is suggested that turbulent intensity 

(u'/U) maxima occur where large velocity fluctuations on the boundary of 

the downward diffusing displacement flow turbulence, are superimposed on the 

lower mean velocities in the bleed flow, or where smaller velocity fluctuat

ions close to the fence are superimposed on very low speed flow which has 

stagnated or is close to stagnation. In the case of a solid fence where 

there is no bleed flow, the scale of the turbulent velocity fluctuations in 
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the 'quiet' zone will be dictated by the fence height. These fluctuations 

will be generated by the fence-top shear, but will decay to a lower RMS 

level in the zone right behind the fence, out of the main field of downward 

diffusing turbulence. Downstream of the region where the displacement flow 

and field of large turbulent velocity fluctuations return to ground, there 

is progressive recovery of streamwise mean flow momentum, a gradual decrease 

in the level of RMS turbulent velocity fluctuations towards the approach flow 

level, and domination of the turbulence structure by the displacement flow 

and by the fence-top disturbance. 

The above arguments are supported by Fig. 9.5, which shows u'/U turb

ulent intensity maxima occurring where the bleed flow meets the downward, 

diffusing turbulence field in the di~placement flow, roughly along the 

line joining the points (x/H = 0, z/H = 1) and (x/H = 8, z/H = 0). The 

movement of the turbulent intensity maximum slightly to leeward as fence 

permeability increases is explained by the movement to leeward of the bleed 

flow stagnation point, or by the convection of the boundary of the downward 

diffusing turbulence field slightly to leeward by the higher bleed flow 

velocity. 

In Figs. 9.6 and 9.7 further comparisons with field data are made. 

In Fig. 9.6, results of the present work are compared with those of Woodruff 

and Zingg (1955). Similarity of the turbulent intensity profiles is not 

good close to the fence where u'/U is high. However, the method of meas-

urement of u' used by Woodruff and Zingg was not sensitive to turbulent 

fluctuation frequencies greater than 0.01 Hz and in the atmosphere near the 

ground, a spectral peak frequency of 0.05 Hz may be readily expected. Thus 

it appears that the measurements of Woodruff and Zingg would not have includ

ed a large part of the spectral energy, so that the apparent value of u' 

would tend low. This may explain the relatively low values of u'/U when 

compared with the present work. At a height of z/H = 1/8, Woodruff and 

Zingg found maximum velocity fluctuations, u', at x/H = 6 behind their 

40% permeable fence. This conforms reasonably well. with the wind tunnel 

data of Figs 9.3 and 9.5. 

In Fig. 9.7, the RMS velocity fluctuations, u', are compared for 

different fences at z/H = 0.5 with data of Hagen and Skidmore (1971). 

Similarity between the wind tunnel and field measurements is fair, but 

particularly with the more permeable fences. the measurements of Hagen and 

Skidmore gave lower u' values. This is probably related to the differ-

ent turbulent intensity profiles in the two approach flows. In both wind 

tunnel and field tests the u' maxima lie in the range x/H = 8 to x/H = 14. 
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This corresponds to the region of closest approach to the ground of the 

larger velocity fluctuations, as shown by Fig. 9.3. The fluctuations, 

expressed in the form u'/u*' where u* is the upstream friction velocity, 

are less than the upstream value uf u'/u* at z/H = 0.5, for x/H< ~ 7. Between 

x/H = 8 and x/H = 20, the upstream value is slightly exceeded. 

Generally the turbulent fluctuations measured in the present work 

appear acceptably similar to the small amount of available relevant field 

data. The maximum turbulent intensity, u'/U = 0.75, measured close to the 

ground level reattachment point downstream of the solid fence appears real

istic when results of Woodruff and Zingg (1955), Kaiser (1959) and Hagen 

and Skidmore are examined, despite the uncertainty about hot wire anemometer 

accuracy in the highly turbulent near wake of the fence. Kaiser's leeward 

turbulent intensity measurements, for instance, (Fig. 9.5), show turbulent 

intensity values up to 0.9. 

To complete the comparison with field data, locations of turbulent 

intensity maxima and mean velocity minima are compared with field locations 

of mean velocity minima in Table 9.2. In this table it is seen that with 

increasing fence permeability, the leeward shift of the mean velocity minimum 

with its accompanying ::turbulent intensity maximum, is closely similar to 

that observed in nature. The observation of turbulent intensity maxima 

just downstream from the mean velocity minimum conforms with reports of field 

tests. Regardless of whether stagnation of the bleed flow occurs, with 

consequent large scale eddying just downstream, or whether the bleed flow 

mixes with the large scale turbulen6e diffusing toward the ground in the lee

ward displacement flow, the mean velocity minimum should occur just upstream 

of the zone of large scale eddying. At the start of this zone, u' will be 

high, but U will not have recovered substantially, so that u'/U will tend 

to a maximum. With a solid fence, the major turbulent intensity maximum is 

to be expected at x/H = 0+, where U is very small. 

(b) Leeward u Component Energy Spectra: The trends observed in 

8.3.3c in regard to the energy spectra of Fig. 8.23 lend support to the dis

cussion in (a) above. At x/H = 2 and z/H = 0.6, where the turbulence struct

ure of the flow is dictated by the permeability elements of the fence, the 

spectra of Fig. 8.23 show increasing dimensionless peak frequency with in

creasing fence permeability as the high frequency, small scale, turbulence 

generated by the permeability elements dominates the spectrum more strongly. 

In particular, it can be seen from Fig. 9.3 that at x/H = 2, the fence-top 

turbulence source and turbulence structure of the displacement flow should 

have little influence on the spectrum shape at z/H = 0.6. In the case of 
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the solid fence, the length scale of turbulence and the spectrum shape at 

x/H = 2 should be characterised by the turbulence generateg in the high shear 

at the fence top. For the solid fence at x/H = 2, z/H = 0.6, 

k = 
p 

-1 
3.4 m 

Obtaining a very approximate estimate of the length scale of turbulence 

from Equation 2.63 (p. 64): 

L = 
u 

X 

0.146 
k 

p 
= 0.043 m. 

The turbulence scale at x/H = 2 is therefore of the same order as the 5 em 

fence height, as expected. This agrees with the prediction of Hagen and 

Skidmore (1971) • 

TABLE 9.2 

Windbreak Leeward Mean Velocity Minima and Turbulent Intensity Maxima 
z. 

Close to the Ground, i.e. H < 0.2 

Permeability 
Leeward Distance x/H for <j> % 

-u' u u in the Field - - --u u min u min max 0 0 

0 0+ 0+ 0+ Hagen & Skidmore (1971) 
(8) ( 7) 0+ to 1 Sturrock (1969) 

(dense hedges) 

20 4 2 2 Hagen & Skidmore (1971) 
2~ Naegeli (1953) (dense reed mat) 

34 6 4 6 Woodruff & Zingg (1955)<j> = 40% 
4~ Hagen & Skidmore (1971) <j> = 40% 
4 (approx) Sturrock (1969) (medium 

dense shelterbelt) 
4 (approx) Kaiser (1959)<j> = 40% 

50 6 5 6 (approx) Woodruff, Read and 
Chepil (1959) 

5~ Bates (1937) 
5 Naegeli (1953) (Loose reed mat) 
4 Stoeckeler (1952) 

59 8 5 5 George (1971) <j>av = 67% 

6 Hagen & Skidmore (1971) <j> = 60% 

At x/H = 6, z/H = 0.6 the isoturbs of Fig. 9.3 imply that the spectrum 

will be quite strongly influenced by the turbulence in the displacement flow, 

and that diffusing downward from the fence-top line source. This turbulence 

is of larger scale and intensity than the decaying turbulence generated in 
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the bleed flow bX ~he fence permeability elements. The nett effect on 

the spectrum at x/H = 6 is a shift of the peak back to lower frequency 

(larger scale) and a recovery of the upstream spectral form, as observed 

in 8.3.3c. With the influence of the displacement flow at x/H = 6 there 

is a strong regression towards a common spectral peak frequency for the 

different fences. 

At x/H = 15, the influence of the displacement flow and the fence-top 

turbulence source dominate the spectrum shape to the extent that the effect 

of the fence permeability is almost forgotten, the approach flow spectrum 

shape having been substantially recovered. This is shown clearly in Fig. 

8.23 (p.39~. 

In Table 9.3, dimensional and dimensionless spectral peak frequencies 

are summarised for the different fence permeabilities at x/H = 2,6, and 15. 

To the observer standing in the flow, n is the peak gust frequency while 
- p 

(nH/U) is inversely proportional to the length scale of turbulence at the 
p 

given location. At x/H = 2, the increase in peak frequency with increasing 

fence permeability can be clearly seen in Table 9.3. The solid fence gener-

ates the lowest frequency turbulence, but the dimensionless peak frequency 

is still higher than that in the approach flow at z/H = 1.0 by a factor of 

7. At x/H = 6, the strong regression back towards a common peak frequency 

and spectral shape is shown by the peak frequencies in Table 9.3. At x/H = 
6, the solid fence exhibited its highest peak frequency. Hagen and Skidmore 

(1971) noticed a very similar trend in their field measurements, with highest 

peak frequency at x/H = 6. These authors were not able to detect a permeab-

ility dependent effect on the peak frequency close to the fence because of 

scatter between different runs. At x/H = 15,further regression towards the 

common approach flow spectral form is evidenced by the peak frequencies. The 

calculation of a standard deviation about the average peak frequency is very 

approximate with such a small sample of fences (8) , but the decreasing stand-

ard deviation reflects the return to a common peak frequency. The average 

dimensionless peak frequency at x/H = 15 is approximately twice that in the 

approach flow at z/H = 1, so that while the spectrum shape has largely return

ed to the approach form, the average eddy size is still only about half that 

in the approach flow. This indicates that the fence still has an effect at 

x/H = 15, but this effect is barely dependent on fence permeability. 

It was observed in 8.3.3c that the more permeable fences appeared to 

have a less permanent effect on the turbulence spectrum, with more rapid re

covery of the upstream spectrum form than in the case of the solid fence. 

This observation is reasonable, since the solid fence causes a greater dis-



TABLE 9-3 SPECTRAL PEAK FREQUENCIES FOR DIFFERENT 5cm FENCES. 

X Z X Z ~ =15~ =1 H= 2 • H= 0-6 H = 6 • H = 0-6 H 'H 
FENCE TYPE ~ .,. np {~H)P 0 np (n~)P 0 np 

(noHt 
u - - -

Hz Uo Hz Uo Hz Uo 

Aluminium 0 8 0-17 0-23 22-5 0-3 0-37 -10 0-062 0-7 

Horizontal Wood Slats 20 16 0-41 0-18 14-3 0-17 0-38 12·5 0-074 0-74 

Vertical Wood Slats 20 50 1· 7 0-14 14·3 0-23 0-33 12-5 0-076 0-71 

Perforated 20G. Steel 34 50 0-69 0-32 18 0-17 0-51 8 0-046 0-71 

Torre Blocks 34 40 0-69 0-27 18 0-16 0-48 8 O.QM 0-79 

Horizontal Wood Slats 50 40 0-46 0-41 14-3 0-10 0-58 -8 0-044 0-8 

Vertical Wood Slats 55 100 0-95 0-53 16 0-13 0-62 8 0-043 0-85 

Wood Lattice Work 59 160 1-41 0-54 16 0-12 0-65 10 0-049 0-88 

Average Peak Frequency ~ 58 0-81 /' 16-7 0-17 ~ 9-63 0-055 ~ 
Standard Deviation , o / 49·6 0-52 v-:-: 2-98 0-06 ~ 2-0 0-014 ~ 

0 -:- ( Average ) / 0-86 0-64 / 0-18 0-35 / 0-21 0-26 / 
Approach Flow Values* / 6-3 0-024 / 6-3 0.024 ~ 6-3 0-02.<:1 / 

Part Solid /Part Permeable Fence not included above because of 
non -uniformity of permeability. 

Part SOlid Part 50% Permeable 25 av. 20 0-48 0-2 20 0-21 0-42 8 0-04~ 0-77 
L 

* at z = 5cm 

,!::> 
1-' 
I.D 
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turbance to the approach flow and generates larger scale, more permanent 

turbulence than the more permeable fences. All the fences generate 

higher frequency turbulence than that characteristic of the approach flow, 

but the solid fence generates the largest scale, lowest frequency turbul

ence and thus causes least initial change to the approach flow spectrum. 

Far downstream, however, the effect of the solid fence should be to leave a 

more permanent legacy of this turbulence which is of smaller scale than 

that in the approach flow. The solid fence could therefore be expected to 

give a higher spectral peak frequency far downstream than a very permeable 

fence. The above argument appears to be verified in Table 9.3, where at 

x/H = 15 there is a trend for the dimensionless peak frequency (nH/U) , to 
p 

increase with decreasing fence permeability. 

Summarising the above comments, close to the fence, in the 'quiet' 

zone where the spectrum is dominated by fence permeability, the spectrum 

peak frequency increases with increasing fence permeability. In the region 

outside the line joining the points (x/H = 0, z/H = 1) and (x/H = 8, z/H = 0), 

where the spectrum is dominated by the displacement flow and fence-top 

generated turbulence, the spectrum shape rapidly regains its approach flow 

form, becoming independent of fence permeability. A slight trend appears 

to be present for the less permeable fences to contribute a more permanent 

small eddy field to the larger scale approach flow turbulence. 

9.1.6 A Relationship Between Mean Velocity and Turbulent Intensity 

in the Leeward Flow: 

In Chapter 8 the correlation between high turbulent intensity and 

low mean velocity in the fence leeward flow was pointed out. In 9.1.5b 

above, the relatively greater dependenceof u'/U on U than on u' was noted. 

The above features of the leeward flow suggested a relationship between 

u'/U and U/U of the form 
0 

u' u u' 
X = ~ constant. - - -u u u 

0 0 

To investigate this, u'/U was plotted against U/U for the leeward flow 
0 

field for each fence, from x/H = 0 to x/H = 45, and from z/H = 0 to z/H 1.2. 

These plots are shown for each of the four 5 em fences (0%, 20%, 34% and 

50% permeable) in Fig. 9.8 and data for all the fences at z/H = 0.4 and 0.6 

are shown in Fig. 9.9. It was found that for all locations leeward of every 

fence, outside the earlier so-called 'quiet' zone immediately behind the 

fence, the relationship between u'/U and U/U was given to within ±10% by 
0 

the equation :-
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-1.67 (t) 
u' + 0.1 (1 - u •.•. (9.2) = e -u -u 

0 

Equation 9.2 was obtained by a process of manual curve fitting, and 

future processing of the leeward u'/U and U/U points on the HP 2100A com-
o 

puter may enable a more accurate fitting of the curve. Figs. 9.8 and 9.9 

show that in the region where Equation 9.2 does apply, the turbulent inten

sity, u'/U, at any relative mean velocity, U/U , tends to decrease with 
0 

increasing fence permeability. Thus Equation 9.2 would be more correctly 

expressed : 

u' 
•••• (9.3) 

u 

k1 , k2 , k 3 are constants. 

However, with the uncertainty on hot wire anemometer measurements at high 

turbulent intensity, and the scatter of points about the curve of Equation 

9.2 for a fence of given permeability, it was felt that to aim for greater 

precision than given by Equn. 9.2 with its ±10% limits was unrealistic at 

present. 

In Fig. 9.8 it is seen that Eqn 9.2 fits the data for all the fences 

quite closely around z/H = 0.5,and the scatter about the curve is less than 

for the individual fences in Fig. 9.8, where the whole range of heights from 

z/H = 0 to z/H = 1.2 is considered. For U/U = 0, Eqn 9.2 predicts u'/U = 
0 

1.1, which is mathematically incorrect, but physically realistic for a turb-

ulent intensity in stagnated flow. At U/U = 1, Eqn 9.2 gives u'/U ~ 0.19 
0 

which is realistic for the flow far downstream of the fence where u'/U will 

be the same or slightly less than in the approach flow. For U/U > 1, Eqn 
0 

9.2 fails, since it predicts a progressively decreasing turbulent intensity 

as U/U increases. 
0 

This implies conversion of turbulent energy back to 

mean flow kinetic energy, which apart from other considerations is contrary 

to the Second Law of Thermodynamics. 

Several points lie well away from the curve given by Eqn 9.2, and in 

Fig. 9.10 locations where u'/U is not given to within 10% by Eqn 9.2 are 

plotted together with a sketch of the leeward turbulence field. It is clear 

from this figure that Eqn 9.2 fails in the 'quiet' zone, where u' is relat

ively low, dominated by the bleed flow and thus the fence permeability. In 

this region, the relative mean velocity corresponding to a given turbulent 

intensity tends to be considerably lower than in the region where Eqn 9.2 

applies. For each fence the highest turbulent intensity tends to occur 
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where Eqn 9.2 begins to describe the relationship between u'/U and U/U , 
0 

i.e. at the point where the bleed flow meets the downward diffusing turbul-

ence from the fence-top turbulence source. Eqn 9.2 describes the relation

ship between mean velocity and turbulent intensity adequately only in the 

region dominated by the turbulence diffusing downward from the fence-top. 

The lack of predictability in the region close behind the fence, dom

inated by the bleed flow is unfortunate since many domestic shelter problems 

occur in this region. There does exist an approximate correlation between 

high turbulent intensity and low absolute mean velocity as shownby the plot 

of u'/U vs U/UH in Fig. 9.11, where the data for all the fences in the 'quiet' 

zone are plotted. There is too much scatter among these points to fit an 

accurate curve to the data, but for windbreak design purposes, an approximate 

'highest likely turbulent intensity' line has been drawn in. This line is 

given by the equation 

-
= 1 - 1.6 u •••• (9.4) 

u' 

u UH 

This equation could be used in conjunction with Eqn 9.2 with each equation 

restricted to its range of applicability. Alternatively, Eqn 9.2 could 

be used alone, accepting the conservative (safe) estimate of turbulent in

tensity that would result in the region dominated by the bleed flow, shaded 

in Fig. 9.10. The failure of Eqn 9.2 in the region close behind the fence 

serves to show more clearly the regions dominated by the bleed flow and by 

the reattaching displacement flow,respectively. The specification of these 

regions,as shown in Fig. 9.1~ supports the more qualitative arguments of 

9.1.5. 

9.1.7 An Optimum Fence Windbreak Permeability?: 

In the present work, the optimum windbreak permeability has been 

loosely interpreted as that permeability which gives best average reduction 

in mean wind velocity in the leeward flow. On this basis, the heirarchy of 

performance of the four fences compared in detail was determined in 8.3.3a as 

best - 20% permeable horizontally slatted fence, 

0% permeable aluminium fence, 

34% permeable perforated metal fence. 

worst - 50% permeable horizontally slatted fence. 

As found in the review of 7.2.4, the windbreak of optimum permeability is 

permeable rather than solid. The optimum permeability here is lower than 
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the 30% to 50% permeability generally recommended in the literature. The 

author suggests that this relates to two possible factors : 

(i) in field tests the average mean velocity reduction is usually 

evaluated only at one height, z/H, close to the ground, not 

over a range of height from z/H = 0 to z/H = 1.5 as done in 

the present work; 

'(ii) where the approach flow is more highly turbulent, and the 

effective H/z ratio is low, as in the wind tunnel tests 
0 

carried out, the optimum fence permeability may be lower 

because the stronger turbulent mixing in the leeward flow 

would reduce the apparently greater far field effectiveness 

of a fence of medium permeability. 

The 20% permeable fence (see Fig. 9.1, p.402) gave a 50% reduction in rel

ative mean velocity for a distance of lOH downstream, and a reduction of 

20% for a distance of 21H downstream at z/H = 0.5, in good agreement with 

field data of 7.2.4 for a windbreak of optimum permeability. The horizontal 

U/U profiles of Fig. 9.1 show most variation between x/H = 0 and x/H = 12, 
0 

the difference in U/U among the different fences downstream of x/H = 16 
0 

being less than 10%. Field data of Schultz and Kelly (1960) , and Hagen and 

Skidmore (1971) were similar to this, showing less than 10% difference be-

tween fences of different permeability downstream of x/H = 12. 

When leeward turbulence is considered, a different interpretation may 

be placed on the term 'optimum permeability'. For instance, the windbreak 

which gives optimum wind protection, as distinct from mean wind reduction, 

could be "that windbreak which gives the maximum average mean wind velocity 

reduction without raising the turbulent velocity fluctuations to a level 

where they become annoying or damaging". A more pragmatic definition of 

an adequate windbreak has been previously suggested as "that windbreak which 

gives the minimum reduction in mean wind velocity consistent with removing 

damagingly high values of wind velocity". If the former more idealistic 

definition of the optimum windbreak is used, the windbreak designer immediate

ly meets the problem of determining how the leeward turbulence interacts 

with plants, humans, animals and buildings being protected, and what levels 

of turbulent velocity fluctuations are damaging. There appears to be a 

complete dearth of information of this kind in the literature on windbreaks 

and shelterbelts. 

A first question is;whether the object being sheltered is more disturb

ed where the turbulent intensity, u'/U
1
is high, or where the absolute level 

of velocity fluctuations, u', is high. Information in the literature is 
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conflicting on this point. Reports exist of 'high turbulence' in both 

regions where u'/U is high and in regions where u' is high, but the 

observer in the field (see, for instance, van Eimern et al, 1964) usually 

reports 'high turbulence' in regions of low mean velocity and thus appears 

to experience the turbulent intensity u'/U, rather than the velocity fluct-

uations, u', themselves. u' is higher in the higher mean velocity dis-

placement flow. Further, with a windbreak of 50% permeability, it is often 

stated that the flow is free from turbulence. With such a windbreak the 

flow is still turbulent, with much lower turbulent intensities than with a 

less permeable windbreak, but Table 9.1 (p.407) shows that the level of 

fluctuations u' is only about 25% lower than with a solid fence. This 

implies again that the observer senses turbulent intensity rather than RMS 

velocity fluctuations. 

With increasing fence permeability, the scale of the fence generated 

turbulence decreases, as shown by the leeward spectral peak frequency 

data of Table 9.3. The scale of turbulence in the near wake of the fence 

may be important depending on the natural frequency of oscillation of crops, 

say, in the lee of the fence. Carefully controlled tests are required to 

determine those gust sizes and frequencies that are damaging to objects 

downstream of windbreaks. In the case of humans, subjective tests could 

be made behind fences of increasing permeability in the same approach flow 

to find how the human scores mean velocity reduction against turbulent in

tensity on a comfort basis. 

Until a more quantitative evaluation of the importance of leeward 

turbulence is available, an effective windspeed indicative of effects of 

both mean velocity and turbulence cannot be determined for any one leeward 

location. Weighting of a local mean velocity with its accompanying u' 

fluctuation will obviously give a better idea of the wind protection. The 

extent to which the mean velocity must be weighted is still unknown, but to 

investigate the problem, an effective velocity characteristic of the 'wind 

protection', U t' was formed in two ways: pro 

(i) Assuming u' = 2w' in the leeward flow, the total dynamic 

head due to mean flow and turbulent fluctuations is taken, 

so that 

u 
prot 

u 
0 

= 

Values of U t/U were normalised so that uprot 
pro o 

u 
0 

•••• (9.5) 

1 at fr = 40. 
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Using Eqn 9.5 and replotting the horizontal profiles of Fig. 

9.1 the results for the different fences were brought a little 

closer together, but the heirarchy of performance was not 

changed, i.e. the integral 

0 

u prot 

u 
0 

still gave the order 20%, 0%, 34%, 50% for the permeability 

ranking. 

(ii) The results of the above test showed that a far greater weight

ing on U/U would be required to show the effect of u'. As 
0 

a further arbitrary test, U was defined as follows : 
prot 

u 
prot u u' = + 
u u u 

0 0 

u 
u -2 2 0 u or, prot u + u lit 0 •••• (9.6) = - -2 u u u 

0 0 

This expression places a heavy weighting on the mean velocity 

where u'/U is high, and particularly where u'/U is high in rel-

ation to U/U • 
0 

Such a heavy weighting may turn out to be real-

istic in practice. In the present test case, horizontal profiles 

of U t/U at z/H = 0.5 gave the following heirarchy of perform-
pro o 

ance for the fence permeabilities: 20%, 34%, 50%, 0%. However, 

the difference in performance between the fences on this basis 

was very small, being less than 1% on the average mean velocity 

reduction over the area bounded by the distance x/H = 0 to x/H = 
15, and the height z/H = 0 to z/H = 1.2. 

The results of the above test plots are shown in Fig. 9.12. It must 

be reiterated that the true weighting to give the turbulent fluctuations 

in the e~pression for U t has yet to be determined. pro 

From a practical viewpoint, it is desirable for the leeward turbulent 

intensity to be as low as possible for a given reduction in relative mean 

velocity. If it is assumed that, say, the 20% permeable fence is used, then 

the extent of mean wind reduction and thus the extent of zones where some 
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mean wind reduction is obtained at reasonably low turbulent intensity, may 

be increased by simply increasing fence height. Forfeits involved here are 

loss of sunlight, the more sturdy construction required and greater cost. 

Another approach is to vary fence permeability with height. In 9 .1. 5 (a) 

and (b) the domination of the leeward flow turbulence field by the turbulence 

generated in the high shear at the fence top was pointed out. If by some 

means this shear could be lessened without excessively reducing the effect

ive fence permeability, a given mean velocity reduction may be obtainable 

at lower turbulent intensity. It is suggested that a fence of the type 

shown in Fig. 9.13a should form the basis of a future investigation. With 

a gradual increase in permeability from 0% at the bottom to 100% at the top, 

a region of discontinuity could be avoided, and mean velocity gradient, 

au;az, would be lower, causing lower shear stress near the fence top and a 

less intense source of turbulence in the displacement flow. As a general 

rule, the builder of a conventional fence would probably obtain better fence 

performance by building a fence of gradually decreasing permeability, 3m 

high, than by using the same quantity of timber to build a fence of uniform, 

say 20%, permeability 2m high. This is illustrated in Fig. 9.13b. 

9.1.8 A Basis for a Fence Windbreak Design Manual: 

The considerable variation in shelter given by a windbreak, depending 

on the effective ratio H/z of the fence height to the upstream roughness 
0 

length, complicates the job of presenting a few simple design graphs to the 

would-be windbreak designer. Since horizontal profiles of relative mean 

velocity U/U , are more easily interpreted than isotachs and are more amen
a 

able to grouping on a single graph, for different surface roughnesses, the 

following basis is suggested for a windbreak design manual. The manual 

would contain a list of typical z values such as shown in Table 2.2 (p.22 ), 
0 

from which the designer selects a value of z characteristic of the terrain 
0 

where the fence is to be erected. A value of fence height H is chosen 

and the ratio H/z calculated (H/z could be tabulated for sets of H and 
0 0 

z values). 
0 

The designer then refers to a graph for a fence of 'optimum' 

permeability, say, 30% - 40%, and selects the horizontal profile character-

istic of his H/z value. 
0 

Horizontal profiles could be plotted as sketched 

in Fig. 9.14 for a range of H/z values, at the typical height of z/H = 0.5. 
0 

Having decided whether the mean wind reduction is adequate the designer can 

repeat the process, if required, using a different fence height and thus a 

new value of H/z • 
0 

The comprehensiveness of the manual could be extended by including 

design graphs for fences of, say, 0%, 20%, 40%, 60% and 80% permeability, 
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but the solution to the shelter problem would then contain a range of 

choices of fence permeability. Turbulence intensity calculations could 

be made using equations such as 9.2 and 9.4, but the usefulness of such 

calculations is doubtful until more definite criteria for acceptable levels 

of turbulence in the lee of windbreaks are established. The compilation 

of horizontal graphs such as Fig. 9.14 would require exhaustive tests of 

fences of different permeability over a wide range of H/z values, preferably 
0 

in a wind tunnel modelled atmospheric boundary layer, grown over a long 

fetch of fairly uniform roughness,so that z
0 

could be accurately determined. 

9.2 CONCLUSIONS FROM THE STUDY OF WIND PROTECTION BY FENCES -

RECOMMENDATIONS FOR FUTURE WORK 

9.2.1 Conclusions: 

(a) The theory and literature review of Chapter 7 have shown the 

need for more carefully documented field work with windbreaks. In partie-

ular, the approach wind mean velocity profile and turbulence structure (in

cluding at least turbulent intensities and spectra) should be measured in 

each location where a field windbreak is tested. The importance of the 

effective H/z ratio has been emphasised, and such measurements would help 
0 

to reconcile the differences commonly observed in the performance of similar 

windbreaks. 

(b) Comparison of mean velocity reduction profiles, measured behind 

model shelter fences of 0%, 20%, 34%, and 50% permeability, with field data 

for fences of similar permeabilities, has shown good similarity between field 

and wind tunnel results where the effective H/z ratio was similar. The 
0 

wind tunnel tests have provided a confirmation of Jensen's (1958) Model Law 

for a wide range of fence permeabilities. A thorough verif.ication of this 

type does not appear to have been previously made for windbreak airflow. 

(c) Results of the present work, carried out in a simulated neutrally 

stable rural atmospheric boundary layer with H/z ~ 100, show better simil
e 

arity to typical field results than has been achieved by most previous wind 

tunnel tests. This is due to the absence of a correctly simulated atmos-

pheric boundary layer, and the consequent presence of a very large effective 

H/z ratio in previous work. 
0 

The experimental results have emphasised 

further the necessity for similarity of H/z 
0 

value between wind tunnel and 

atmosphere. Where a 'non-equilibrium' flow is present, so that the value 

of z derived from the mean velocity profile does not characterise the 
0 

turbulent structure of the flow, similarity of the ratio H/z alone is ina 
sufficient, and the parameters 
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~ 
(see 3.4, p.93 ) 

0 

should be the same in both model and full scale flows. 

(d) Measurements of turbulent intensity and spectra for the u vel

ocity component in the fence leeward flows, have shown that within a region 

behind the fence bounded approximately by the fence, the ground and the line 

joining the points (x/H = 0, z/H = 1) and (x/H = 8, z/H = 0), the turbulent 

structure of the flow is dictated by the fence permeability, turbulent inten

sity being high, but actual RMS velocity fluctuations being relatively low. 

Outside this region the turbulence structure of the flow is strongly domin

ated by the displacement flow and the field of large velocity fluctuations 

initiated in the high shear at the fence top. 

(e) A simple equation has been derived which enables an approximate 

estimate of the turbulent intensity, u'/U, at a given leeward relative mean 

velocity, U/U • 
0 

This equation overestimates the turbulent intensity in the 

region close behind the fence, where u'/U shows a stronger correlation with 

the local absolute velocity, U. The equation relating turbulent intensity 

and relative mean velocity holds for fences in the range 0% to 50% permeab

ility at least, and should be applicable in full scale locations where a 

similar H/z ratio is present. 
0 

(f) The experimental results have confirmed that a windbreak of low 

to medium permeability gives better overall mean wind reduction in its wake 

than a solid windbreak. The domination of the leeward flow field turbulence 

by the fence-top generated shear suggests that improved mean velocity re

duction without an increase in leeward turbulent intensity may be obtained 

by gradually increasing fence permeability from bottom to top, to remove the 

concentrated zone of high shear. 

(g) The definition of an effective leeward velocitywhichreflects the 

effects of both mean flow and turbulence is not possible at present. While 

the leeward turbulence may be measured, the degree to which the mean velocity 

needs to be weighted by the turbulent velocity fluctuations to show the dam

aging or annoying effect of turbulence, cannot be determined until criteria 

for turbulent damage to crops, and turbulence discomfort to humans, are 

measured. At present, mean velocity reduction data, presented as in Fig. 

9.1 (p.402), are probably the most useful information for the engineer and 

agriculturist. Graphs of this type for different H/z values, together with 
0 

at least guidelines on tolerable leeward turbulence levels, could form the 

basis of a windbreak design manual. 
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9.2.2 Recommendations for Future Work: 

The test programme, described in Chapter 8, showed important trends in 

windbreak airflow phenomena. However, for compilation of data for a wind-

bfeak design manual, and for a closer determination of the fluid mechanical 

cause/effect relationships between the leeward flow structure on the one 

hand, and fence permeability, approach flow boundary layer structure and 

mean velocity on the other hand, a more extensive test programme would be 

required. Possible test aims and a suggested experimental programme are 

given below. This work would be time-consuming, and the value of such 

tests would need to be first established. 

Aims: 

(i) To relate more quantitatively the leeward mean velocity re-

duction and the effective H/z value, as H/z increases from, 
0 0 

say, 10 to 10000. 

(ii) To study the rate of change of mean wind reduction at selected 

leeward locations with change in fence permeability, ~' over 

a wide range of ~· 

(iii) To examine Reynolds number effects with permeable fences as 

approach flow velocity is varied in aerodynamically smooth 

turbulent flow. 

(iv) To determine whether increasing approach flow turbulence re

duces the difference in performance between fences of a given 

height but different permeability. 

(v) To seek an empirical relationship between windbreak drag coeffic

ient, and windbreak permeability, spatial average mean velocity 

reduction and leeward turbulence. 

(vi) To determine whether, for a given quantity of building material 

in a fence, a taller fence with permeability increasing from 

bottom to top is more effective than a lower fence of uniform 

low-to-medium permeability. 

Suggested Test Conditions: 

Surface Roughness: A simulated atmospheric surface layer 

flow (neutrally stable) with H/z ranging from 10 to 10000 as follows: 
0 

10, 20, 50, 100, 200, 500, 1000, 2000, 5000 and 10000. 

Approach Wind Velocity: UH varied from 2 m/sec to 20 m/sec in 

3 m/sec steps. 

Fence Permeabilities: Uniform permeabilities, preferably all 

of the fine slatted type for consistency, ranging as follows : 
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0%, 20%, 40%, 60%, and 80%. Sundry tests would examine the effect 

of graded permeability, and permeability configuration differences 

such as horizontal or vertical slats. 

Quantities to be Measured: 

Front face and base pressure coefficients, Cf and -cb. 

Velocities u, u', v', w' in the leeward flow. 

The Reynolds stress -puw in the leeward flow. 

u and w component spectra at z/H = 0.5, and x/H = 0.5, 

2, 5, 10 and 20. 

Leeward flow reattachment points and ground static pressure plots. 

Generally leeward flow measurements should cover the area out 

to x/H = 50 and z/H = 6. 

The above suggested programme would involve at least 350 leeward 

traverses, neglecting the development of a suitable simulated atmospheric 

boundary layer. With an estimated traverse time of 5 hours per fence, the 

p~ogramme, with analyses of results would probably take at least three years. 



CHAPTER.lO 

SUMMARY OF CONCLUSIONS 

The major objectives of this project, set down in Chapter 1, were, 

briefly, 

(i) to review the current state of the art in wind tunnel sim

ulation of atmospheric boundary layers; 

(ii) to generate a simulated rural boundary layer of 1:500 scale 

or larger; 

(iii) to investigate the relationship between windbreak leeward 

mean flow and turbulence by means of tests of model fence 

windbreaks in the simulated boundary layer. These tests 

were also designed to show the extent to which similarity 

between wind tunnel and atmospheric flows had been achieved, 

by making a comparison between the wind tunnel results and 

typical field results. 
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In generating the simulated rural boundary layer, secondary object

ives which evolved were to determine the validity of grid turbulence as 

a model of the atmospheric boundary layer and to design and build a wind 

tunnel suitable for atmospheric boundary layer modelling. It is considered 

that the various objectives have been met, and that further research into 

wind modelling and aspects of wind shelter behind fences should be able to 

be developed from the conclusions to this· project. 

from the project are summarised below. 

Important conclusions 

10.1 PART 1 - ATMOSPHERIC BOUNDARY LAYER STRUCTURE, MODELLING CRITERIA, 

AND SIMULATION USING BAR GRIDS 

The wide range of field measurements that now exist show the great 

variability in atmospheric boundary layer structure from one location on the 

earth's surface to another. The description of the neutrally stable atmos-

pheric boundary layer given in Chapter 2 must therefore of necessity be 

generalised, but was considered sufficiently realistic as a model for wind 

tunnel simulations. There is a lack of field measurements of Reynolds 

shear stress over the depth of the earth~ surface layer. 

would be valuable to the wind tunnel researcher. 

Such measurements 

The derivation of wind modelling criteria in Chapter 3 led to four 

basic modelling parameters for the simulation of the neutrally stable surface 

layer. It was pointed out that, strictly, similarity is possible only 
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between the wind tunnel and atmospheric surface layers. The loss of 

similarity that occurs above the surface layer, through neglect of Coriolis 

effects, is usually disregarded in wind modelling work, where it is normal 

to attempt to simulate the full atmospheric boundary layer depth. In most 

engineering applications the loss of accuracy above the surface layer should 

have only a minor effect. The review of previous atmospheric boundary 

layer simulations indicated that the popular 'step change+ boundary layer 

growth' simulation technique was able to produce an approximate non-equilib

rium model atmospheric boundary layer in a distance of 8 to 10 times the 

final boundary layer depth. A fault with all but one of the schemes of this 

type reviewed, was the decrease in integral length scale of turbulence above 

the surface layer. Greater fidelity to atmospheric turbulence structure 

appears to be obtainable only by using pure boundary layer growth, but this 

requires a boundary layer generating distance of about 25 times the final 

boundary layer depth, which is prohibitive in many available wind tunnels 

if a linear scaling of, say, 1:500 between wind tunnel and atmosphere is to 

be obtained. 

Use of the Cowdrey (1967) and adapted Owen and Zienkiewicz (1957) 

grid design methods in a computer program, led to single plane parallel 

round bar grid designs which satisfactorily generated 1/7 and 1/4 power law 

boundary layer mean velocity profiles. It was concluded, however, from the 

investigation into the use of bar grids in atmospheric boundary layer simul

ation, that a single bar grid cannot satisfactorily generate a model atmos

pheric flow. This is primarily due to the inability of a graded grid (or 

any other graded blockage scheme) to produce the desired mean velocity pro

file while at the same time producing turbulent intensity decreasing with 

height and turbulent length scale increasing with height. For limited 

applications, the turbulence downstream of a uniform, coarse, square mesh 

grid of bar size about 10 em and mesh size 50 em is acceptable as a model 

of atmospheric turbulence, scaled about 1:1000 at a distance of about 4 m 

from the grid. The preliminary work with bar grids showed that a new 

atmospheric boundary layer wind tunnel would be necessary if the desired 

simulated boundary layer were to be obtained. 

10.2 PART 2 -THE NEW DUAL FACILITY WIND TUNNEL AND ATMOSPHERIC 

BOUNDARY LAYER SIMULATION PROGRAMME 

Within limitations imposed by laboratory space, finance, and the need 

to be operational as early as possible, a useful atmospheric wind modelling 

facility was constructed. Combination of the new construction with compon-

ents of an existing low noise level, acoustics studies wind tunnel, has 



resulted in a versatile dual working section wind tunnel which will be 

useful in both undergraduate laboratory work and postgraduate research. 

Sundry improvements to the present facility have been suggested in the 

conclusions to Chapter 5. 

The atmospheric wind modelling programme described in Chapter 6 
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led to the achievement of a 1:300 scale neutrally stable rural atmospheric 

boundary layer. A new combination of existing techniques was applied in 

the 'step change + boundary layer growth' simulation, and the linear scale 

of the model flow is larger than in most previous simulations of this type 

reviewed by the author. The model boundary layer structure shows good sim-

ilarity to the atmospheric flow in most respects. Dimensionless Reynolds 

turbulent shear stress levels were high near the surface however, and the 

rate of increase of the integral length scale of turbulence with height 

needs to be further improved. The use of an initial coarse grid with trip 

fences and uniform surface roughness leads to a versatile boundary layer 

generating system which should be easily adaptable to simulation of rural 

boundary layers of smaller linear scale than 1:300
1
or urban boundary layers. 

The author considers that where sufficient boundary layer generating 

distance is available, a pure boundary layer growth arrangement is prefer

able in the simulation, in that closer fidelity to atmospheric flow is 

possible and an approximate equilibrium flow can be achieved. In such a 

flow, the roughness length, z , can characterise the turbulence structure, 
0 

and this is very convenient in structural or topographical modelling 

exercises. 

10.3 PART 3 - WIND PROTECTION BY FENCE WINDBREAKS 

The review of previous windbreak studies has shown the need for more 

accurate specification of the windbreak test conditions, and standardisation 

of test technique. Approach wind structure should be measured in field 

tests, effective windbreak permeability must be estimated as accurately as 

possible, and if leeward measurements are not possible at several heights 

then a standard height such as z/H = 0.5 should be used. 

Tests of model shelter fences of nominal permeability 0%, 20%, 34% 

and 50% have provided a thorough verification for Jensen's (1958) Model Law 

(Eqn 3.13, p. 80) which does not appear to have been previously carried out 

with fences. The leeward mean velocity reduction data showed better sim-

ilarity to typical field results than previous wind tunnel tests, and have 

emphasised the importance of keeping the effective H/z ratio the same in 
0 
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both field and wind tunnel tests if the wind tunnel test is to give a mean

ingful simulation of the full scale performance. 

Turbulence measurements made downstream of the model fences have helped 

to gi~e a clearer picture of the leeward flow processes, and show which 

regions of the leeward flow field are dominated by the displacement flow 

turbulence and which are dominated by the bleed flow. An equation relat-

ing turbulent intensit~ and relative mean velocity in the region dominated 

by the displacement flow has been proposed, and a 'maximum likely turbulent 

intensity' equation suggested for the region dominated by the bleed flow. 

These equations are of limited usefulness until criteria are established 

showing the relative importance of mean velocity reduction and turbulent 

intensity in the sheltered zone. Except for turbulence damage to crops and 

buildings, such criteria would probably be subjective and therefore not easy 

to set up. 

Results of the present work confirm that a fence of low to medium 

permeability gives better average mean velocity reduction than a solid or 

highly permeable fence. Further tests are needed to establish whether, 

for a given quantity of building material, a fence with permeability grad

ually increasing from 0% at the bottom to 100% at the top is more effective 

than a lower fence of uniform, low to medium permeability. Tests of fences 

over a wide range of H/z values are also required, to provide data for a 
0 

windbreak design manual. For simplicity, such a manual could be framed 

around a 30% to 40% permeable fence. This range of permeability is close 

to the optimum permeability, and for the domestic fence builder in partic

ular, combines reasonable economy of building material with adequate privacy 

and greater visual appeal than a solid or highly permeable fence. 
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APPENDIX 1 

COMPUTER DESIGN OF VELOCITY PROFILE GRIDS 

Al.l Derivation of Local Pressure Drop Coefficient Expressions for 

the Owen and Zienkiewicz
1

and Cowdrey Grid Design Methods. 

Referring to Fig.Al.l we have a simple two-dimensional flow field 

with walls at z = 0 and z = H, with the grid placed. in the plane X = 0. 

The action of the grid is to modify the uniform upstream profile, 

velocity U , to a downstream profile of form 
0 

-
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u z = Cz 
2 

1 
N 

•..• (Al.l) 

1 
(N = -. a N is used to agree with nomenclature in the computer program) • 

The symbols are as defined for Chapter 4. 

Conservation of mass requires: 

(N~lj 
u 

c 0 
= 

1 
HN 

Therefore, allowing for the pressure drop through the grid along a 

particular streamline, 

-p + 
0 

whence K 

(p2 + 
.!.. 2 

!:ipu2 (cz2N)) l.:ip = 
0 

1 
-2 
ul 

since 

(l+K ) U [ -2 
0 0 

p - p 
0 2 

1.:i u2 p 0 

1 

N 2] - { cz
2 

) 

= K 
0 

-2 
l.:ipKUl 

(i) Adapted Owen and Zienkiewicz method: 

•.•• (Al. 2) 

Inviscid flow is assumed and the stream functions upstream and down

stream of the grid are matched at the grid. It is assumed that the amount 

of shear introduced, indicated by ~~ is so small that the departure of any 

streamline from the horizontal is correspondingly small. Thus the perturb

ation, lj!', applied to the upstream stream function, U z, is small. Close 
0 

to the floor this assumption is increasingly invalid, since for the downstream 

profile: 



I / / ( / / / / / / / / / / ( (' / / ( ( / / ( / / I / / !, / / / z = H 

Bo~- ->---- cl 4 --- - -}>--- -r )I 

0, 
z 

~ 

1 

= C· z"N 
2 

I ; ; ; I; > ; ; ; ; ; ; ; J ; )p ; ; ; ; ; ; ; ; ~; ; ; ; ; ; z : Q 

X= -oo x=O X= +00 

8 = Angle between streamline and normal to grid. 

Note:- 0, is the local mean velocity just far enough upstream 
of the grid to be uninfluenced by the jet contraction 
between the grid bars. z, is the height of streamline 
with velocity 0, at x = 0-. z, is assumed to be the 
same at x = 0-, 0, 0+. 

Fig. A 1-1 TWO DIMENSIONAL FLOW THROUGH GRID. 

,.,. 
VI ,.,. 



= + 00 as z + 0 when N > 1. dU C 
dz N 

(N = 2.5 to 7 typically in simulated atmospheric profiles). 

It may also be shown that the fractional change in 1jJ increases as 

z + o. 

Neglecting the uncertainty near the floor for the time being, we 

have, for the stream function, 

1/J U
0 

Z + 1/J 1 

1 
X < 0, 

CN 
1/1 = N+l z 

N+l 
N + 1/1 1 X> 0, 

I 

where 1/1 1 must be small everywhere compared with U Hand 1/1 1 + 0, as 
0 

x + ± oo, so that 1/1 1 satisfies 

The boundary conditions 

aw I aw I a;- (x,O) = ax- (x,H) = 0 

are satisfied by the following solutions for all x ·-

00 mrx/H 
[n~zJ ...!t.. I A sin X < 0, = e 

U H n=l n 
0 

00 
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-mrx/H 
[n~zJ = I B e sin X > o. ••.. (Al. 3) 

n=l n 

The presence of the grid requires that: 

(i) 

(ii) 

aw ---- = U is the continuous through x 
dZ Z 

o. 

aw ---- = W obeys a certain refraction condition across x = 0 (given by 
dX Z 

equation 4.2). 

(iii) The loss in total head on a given streamline between x = -oo and 

x = +oo must equal the resistance per unit area caused by the grid. (Given 

by Equation Al.2). There is a further condition that the static pressures 

at +oo and - 00 are inde_pmdent of z. 

Condition (i) gives :-

1f I nAn cos [n~zJ -
n=l 

1 
N 

1f I nB cos [n~z)= -1 + Cz 
n=l n U 

0 

.••• '(Al. 4) 



Nez 

N+l 
1 

and setting - z + ------- = 

we obtain -1 + 

(N+l) U 

1 

Cz N 

u 
0 

= 

0 

00 

n 7T L 
n=l 

00 

H 'rr L 
n=l 

c 
n 

. [n7TZ] s~n H 

c 
n [

n7TZ] cos T •••. (Al. 5) 

Substituting from Equation Al.5 into Equation Al.4 and applying the Fourier 

uniqueness theorem, we obtain 

A - B = C n n n •••• (Al. 6) 

The refraction condition (ii) is that of Equation 4.2 given by 

Schubauer, Spangenberg,Klebanoff (1950). Note that this applies only for 

very small streamline slopes, i.e. as 8 + 0 in Fig. Al.l. While it was 

derived for woven wire mesh screens, Owen and Zienkiewicz (1957) assumed 

Equation 4.2 would be true for bar grids. 

a = 
T 

1.1 

ll+K 

Making the same assumption here, 
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assuming also, that provided that the grid resistance varies slowly, this 

formula is sufficiently accurate using the local pressure drop coefficient, K. 

We have ~ (0+, z) = 
dX 

-d'''' d''' and here o/ = _o/_ 
dX dX 

00 

I n B sin n7TZ 

n=l n H 

Where K K 
0 

(1 + 1;: (z) ) 

-

00 

1.1 I + -- n A 
ll+K n=l n 

with 1;: small and 

so that K = K • Necessarily 1;: ~ -1. 
0 

sin 
n7Tz 

0 = 
H 

r l;:dZ = 0 

0 

Applying the Fourier uniqueness theorem to Equation Al.7 we obtain 

B 
n 

1.1 + --
ll+K An = O 

From Al.6 and Al.8 

•••• (Al.7) 

.••• (Al. 8) 



From Equation Al.2 and condition (iii), 

K + K ) u2 
0 0 
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.... (6.8) 

-The next step is to substitute in Equation Al.2 for u
1 

and z2 in 

terms of z1 , the height at which the streamline passes through the grid, 

and in terms of U , the upstream mean velocity. 
0 

00 

~· (0+, z) - I ~B mrz Now = u H cos oz 0 n=l H n H 
from (Al.3) 

1 
- N ~ at X = 0+, ul = cz1 + (O+,z) 

oz 

Substituting from Equation Al.9 and for B in terms of C 
n n 

1 
- N - [ 1.1 . 
U 1 = Cz - U 

0 
n 'IT l.l + /I'+K 

Substituting from Equation Al.5 for C : 
1 n 

-
ul 

For z2, since 

cz1 = 

1jJ = 
N+l 

N NC z
1 

N+l 

N II + K + 1.1 

1.1+ h + K 

constant along 

= 

-u 
0 

any streamline: 

N+l 
N NC z 2 

N+l 

•••• (Al.9) 

•••• (Al.lO 

Substituting for ljJ' (O+,z) from Equation Al.3 and for B in terms of C' 
n n 

NC z 1 
N+l 

N+l 
N 

00 

u H L 
0 n=l 

1.1 J 
+ h + K 

Substituting from Equation Al. 5 for C n 
N+l 

1 N h + K + 1.1 
N zl 

z2 = 
1.1 h + K 

c 
n 

and 

z 1H 

sin 

simplifying, 
1 1 
IT N+l 

N+l 
NC z

2 
N+l 

••.• (Al.ll) 

Substituting into Equation Al.2 for u1 and z2 from Equations Al.lO and 

Al.ll respectively, and noting: 

c 
N+l Uo --·--N 1 

HN 



2N 2 1 

K 

2 
N 

H • + il+K) 2 - N~l ~ [1.1 + il+KJN+.l z
1 
~ [1l+K+l.l :l N 
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2 
l+N 

1 1· 

(~/~ (N;l) ll+K + ui]' 

For the case where N=l (linear shear), this becomes: 

K = 
(1.1 + h + K(H

2
(l+K

0
)(i.l + il+K)

(2 z 1 /1 + K + l.lH) 
2 

+~ 

Note that Equation Al.l2 is not an explicit expression for K, and 

an iterative process is later used to make K exact within a given 

tolerance at a particular height z
1

. 

•••. (Al.l2) 

Before considering the computer design process, the equivalent ex

pression for K as a function of z
1

, is derived for the Cowdrey method. 

(ii) Cowdrey Method: 

Here as with the Owen and Zienkiewicz method, the pressure drop along 

a particular streamline is calculated to yield Equation Al.2 for the grid 

local pressure drop coefficient K. 

However, Cowdrey made the basic simplifying assumption that all 

flow in the z direction occurs upstream of the grid. This means 

(a) the static pressure is the same everywhere downstream 

of the grid; and 

(b) the design velocity profile is generated immediately 

upstream of the grid. 

Thus, equation Al.2 becomes: 

2 

[:: = 
1 + K 

0 

1 + K 

-
1 1 

. •. • (Al.l3) 

N =[N~l) Uo [z:J 
N , and solving Equation Substituting for ul = cz 1 

Al.l3 for K. 2 2 

HN [N+l) 2 N 
(1 + K ) - N • z1 0 ••. (Al.l4) K 

2 

[N~lr N 
zl 
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This expression for K is explicit and far simpler than Equation 

Al.l2. Equation Al.l2 tends to approach Al.l4 as z 1~ H when N is 

large, i.e. for boundary layer profiles over smooth surfaces. Further, 

as K increases, a greater proportion of velocity profile adjustment occurs 

upstream of the grid in Equation Al.l2. 

Apart from simplicity, the Cowdrey method offers the advantage of 

ready adaptation to a logarithmic downstream velocity profile, whereas the 

modified Owen and Zienkiewicz method does not. 

Al.2 The Iterative Design Process. 

At the end of this Appendix a listing of the Grid Design Computer 

Program is given, together with sample output in the form of grid design 
1 1 

data for both the above methods for ?power law and 4 power law velocity 

profiles in a 36 in (91.44cm) high duct using 1 in (2.54cm) diameter bars 

and an overall pressure drop coefficient K = 1.0, and a 
0 

in a 48 in (122 em) high duct using 1~ in (3.81 em) bars 

1 
6power law profile 

with K = l. Pre-
0 

ceding the program listing is a list of symbols used in the program and 

a flow chart. 

To assist the understanding of the computer design process, the steps 

in the iterative procedure are set out below, and should be read in con

junction with the flow chart (p.462) 

The Cowdrey method is treated first and information from this process 

used in the Owen and Zienkiewic'z adaptation: 

(i) Set values of tunnel height, H, bar diameter, D, reciprocal power 

law index N, overall pressure drop coefficient, 

tolerance, TOL. 

(ii) Set first bar height zc(l) by placing bar on floor; 

" " " spacing s = D; c' 
" " streamline height z at floor; sc (1) 
" second " " z at D off floor sc (2) 

K ' 0 
convergence 

initially. 

Note: Streamline height z 1 in the mathematical analysis becomes Zsc 

and z for Cowdrey and Owen and Zienkiewicz methods respectively, 
SOZ I 

in the computer program. 

(iii) From Equation Al.l4: 
N 

.... (Al.l5) 
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Noting that from Equation 4.1 
(J is a counter) 

D/S 
. J (1 - D/8) 2 

solve Equation Al.l5 for S, with J = 2, then recalculate streamline 

height zsc{ 2) by 

z sc (2) 
s 

zc(l) + 2 

(halfway between bars) 

l.'n 1 8 
or genera zsc{J) = zc(J-l) + 2 

(iv) Compare calculated streamline height with initial value. If 

~zsc( 2 )~zsc( 2 ) > TOL, substitute calculated value of zsc( 2) into Equation 

Al.l5, solve again for S, and recalculate zsc( 2). Repeat this process 

until ~z jz < TOL. sc (2) sc {2) 

(v) Calculate new bar height, 

~c{2) = zc(l) + 81ast 

Most recent s, S is stored for use in the adapted Owen and last' 
Zienkiewicz scheme. 

s 
( ') ... 1 1' h . ht + last VJ. Set new J.nJ.tJ.a stream J.ne eJ.g zsc( 3) = zc( 2) 2 • 

Calculate new value of S using Eqn. Al.l5, then a second estimate 

of zsc( 3) using 

s z = z + -sc(J) c(J-1) 2 

~z 

Repeat the process until sc(J) < TOL, calculate next bar height 
zsc(J) 

and so on, up to the roof. After each completed iteration, the 

values of zc(J) and Slast are stored. 

(vii) Initialise modified owen & Zienkiewicz process as in (ii) above. 

(viii) Calculate an initial value of the next streamline height using 

s 
zsoz(2) = zoz(l) + 2 

where S is the corresponding value of Slast taken from the Cowdr.ey 

process. 

(ix) Calculate an initial value for K using 
D 
s K"' .•. (4 .1) 

1 
the S value being as in (viii) . 

(1 - !2.) 2 
s 



(x) Recalculate K using Equation Al.l2,using most recent value 

of zsoz(J)" 

(xi) Substitute back into Equation (4.1) for K in (ix) andre

calculate S by solving Eqn. (4.1) for S. 

(xii) Recalculate streamline height using 

s z = z + -
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soz(J) oz(J-1) 2 • 

(xiii) Test for convergence as in Cowdrey process and if ~zsoz(J)~zsoz(J) 
> TOL, set K in the right hand of Equation Al.l2 to the value 

calculated in (x). 
~z soz(J) (xiv) Repeat steps (x) - (xiii) until 
zsoz(J) 

zoz(J) = zoz(J-1) + Slast(o.z.)' 

< TOL. Then we have 

(xv) Start again at (viii) and step out bar spacings until the roof 

Al.3 

N 

H 

K 
0 

K 

TOL 

D 

J 

of the working section is met. Values of z ( ) are stored after oz J 
each step to be finally printed out with those of the Cowdrey 

method. 

In the program checks are included to prevent bars being placed 

outside the roof and to stop the iterative process if convergence 

is too slow. 

LIST OF MAJOR SYMBOLS IN THE PROGRAM. 

= Reciprocal of power law index 

= Tunnel working section height 

Overall pressure drop coefficient of grid -<X> to +oo 

= Local pressure drop coefficient 

= Convergence tolerance, usually 0.0001 

= Bar diameter 

= a counter 

ZSC(J) =Streamline height in Cowdrey iteration 

ZC(J) = Bar centreline height in Cowdrey iteration 

ZSOZ(J) =Streamline height in adapted Owen & Zienkiewicz iteration 

ZOZ(J) =Bar centreline height in adapted Owen & Zienkiewicz iteration 

s = Spacing between centrelines of adjacent bars 



A1.4 FLOW CHART FOR THE GRID DESIGN PROGRAM 

Set first bar conditions - Cowdrey 
Counter J=l,ZC(J)=D/2,ZSC(J)=O,S =D 

Set first bar conditions 0 & z 
Counter J=l,ZOZ(J)=D/2,ZSOZ(J)=O 

Store latest scI 

using Eqn 4.1 & J-lSJ from Cow
Initialise ZSOZ(J) 

Calculate 

L Calculate S 4.1 

oz old =Koz new 

Print out number of bars, bar heights, 
and spacings for both methods. 
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Grid 

0001 
.)002 
0003 
0004 
0005 

0006 
0007 

0008 
0009 
0010 
0011 
0012 
0013 

u014 
0015 
0016 
0017 

0018 
0019 
0020 
0021 
0022 

0023 
0024 
0025 
0026 
0027 
0028 
0029 
0030 
0031 
0032 
0033 
0034 
0035 

0036 
0037 
0038 
0039 
0040 
0041 
0042 
0043 
0044 
0045 

Design Computer Program Listing 

c c 

c 

c c 

c c 

PROGRAM TO CALCULATE GRID BAR SPACING FOR GIVEN POWER 
LAW PROFILE USING THE COWDREY AND OWEN/ZIENKIEWICZ FORMULAE 
~~~CN~:R~ ~CI50I,ZSCI50I,ZOZI50loZSOZ(50loSLAST(501,SLDST(501 

10 READ(5(11lN,H 1 D1 K0 0 TOL 
11 FORMAT 5F7.41 

IF('I.EQ.O. IGO TO 1100 

WRITE INPUT PARAMETERS 

12 =~~~iftlh~ 1 ~kHI~RA~lT?~oEX = 1 F6.2o/1HO 4X 'TUNNEL HEIGHT H • • 
1F8.4,/1HOJlx,lpRESSURE DROP CO~FFT KO = I,Ff.4 1 /1HC,4Xo'BAR DIAM~T 
2 ~~TDINI~!Al•to~~~¥!d~s'TOL = '•F 7"41 

20 J=l 
S=D 
X=O. 
lSC(JI=O. 
lC(JI=D/2. 
C=H*( (N/(N+1. I I**NI*( (l.+KOI**CN/2. I I 
WRITE FIRST BAR CONDITIONS 
WRITE(6{1251 

125 FORMAT( HOJ'COWDREY ITERATION') 
13 ~~~~~f?IA5,~k~I~~E!~:I~!~If;!~:.s•,8x,•x•,ex,•zcc•,I2'1',11H0,4(2X 

1, F7.411 
CALCULATIONS FOR SUCCESSIVE BARS 

30 J=J+1 
M=1 
WRITE(6ol4)J,J 

14 ~~~~~ T ~~0~~~ t~si~~c c •, 12, • 1 • , sx, • s • , ex, • x • , ex, • zc c • , 12, • 1, 1 

ITERATION CYCLE 
40 V=(ZSC(JI/CI**(2./NI 

IF((4.-3.•VI.LT.O.I GO TO 1001 
S=(2.*D*(V-l.II/(V-2.+SQRT((2.-VI**2•-4•*(V-1.l*(V-l.lll 
X=ZC(J-ll+S/2. 
WRITE(6{151ZSC(JI3S~X 

15 ~~~~~l~.~?G~xtS1 200 XoF7.4o2X,F8.41 
JO•J*100') 
IF(M.EQ.lOIGO TO 1000 
M=M+1 
IFCABS((ZSC(JI-XI/ZSC(JII.LT.TOLI GO TO 50 
ZSCCJI=X 
GO TO 40 

C CENTRELINE HEIGHT OF BAR 

c 

50 ZC(JI=ZC(J-11+5 
NUM1=J 
SLAST(JI=S 

16 ~~~~~~tiA~:~~~~~e.41 
Q=S-D 

17 ~~~~~~tiA!!~oX,21HSEPARATION OF BARS = ,F7.41 
IF((ZC(JI+~+DI.GE.HI GO TO 200 
GO TO 30 

C REPEAT FOR OWEN AND ZIENKIEWICZ METHOD 
0046 200 J=1 
0047 S=D 
004e ZSDZIJI=O. 
0049 ZOZ(JI=D/2. 
0050 300 J=J+1 
0051 M=1 
0052 IF(SLASTCJI.LT.DI SLAST(JI • S 
0053 ZSOZ(JI=ZOZ(J-1l+SLAST(JI/2. 
0054 OLDK=(O/SLAST(JI 1/( (1.-D/SLAST(JI 1**2.1 
0055 A=1.1 
0056 E=IN+1.1/N 

0057 
0058 

0059 
0060 
0061 
0062 
0063 
0064 
0065 
0066 
0067 
0068 

0069 
C070 
0071 
0072 
0073 

0074 
0075 
0076 
0077 
007e 
0079 
0080 
ooe1 
0082 
ooe3 
0084 
0085 
ooeb 
0087 
0088 
0089 
0090 
0091 

c c 

c 

ITERATION CYCLE 
400 B=SQRT(1.+0LDK! 
410 K=( ( CH**C2./NI *(1.+KOI*I !A+BI**2.11-( (E*EI*! (A+BI**(2./EII*(ZSOZ( 

1JI**(2./NI I*( (A+A*(H/ZSOZ Jll**( 1./NI 1**(2./ N+1.1111 1/( ( (ZSOZ(JI* 
2*(1./NII*E*B+A*CH**(1./NIII**2•1 

500 

~~~~~~~IBil~~;!~~•R-SQRTC1.+4.*KII 
Y=ZOZ(J-11+$/2. 
JD=J 
IF(M.EQ.101 GO TO 1000 
M=M+1 
IFCY.GE.HI GO TO 600 
IF(ABS((Y-ZSOZ(J)I/YI.LT.TOLI GO TO 500 
ZSOZ(JI=Y 
OLDK=K 
GO TO 400 
CENTRELINE HEIGHT OF BAR 
ZOZ(JI=ZOZ(J-11+5 
NUM2=J 
SLOST(JI = S 
IF((ZOZ(JI+S+OI.GE.HI GO TO 600 
GO TO 300 

C FINAL LAYOUTS 
bOO WRITE(6{241 

24 FORMAT( H0
1

8x,•COWDREY METHOD 1 o30Xo 1 0 AND l METHOD') 
WRITE(6{18 NU~1,NUM2 

1A FOR~AT( HOJ8X 1 'N0 BARS • 'ol2o32Xo 1 NO BARS • 1 ol21 
WRITE(6{19 

19 FORMAT( H0(4Xt'BAR N0' 0 6X 1 1 HEIGHT(INCHESI'o4Xo 1 SPACE 1 o9Xo 1 BAR NO'o 
1t~~~~~l~tl.~~M~~~~~~=~~~~PACF

1

l 
ng ~~~t~?6 1 zllN~~lcclloSLASTC!Iol ZOZ(II SLCSTCII 

21 FORMATC{H0 0 6Xol2o12XoF8.4o5X,Ff.4,9X,I2,12XoFe.4,5XoF7.41 
GO TO 10 

10 ~~ ~~~~~~?i~5:~~•'J0 = ' 1 15,2Xo•CONVERGENCE TOO SLOW') 
GO Tn 1100 

10 ~~ ~d~~~t?!R5:4x,•v GREATER THAN 4/3'1 
1100 STOP 

END 
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Computer-generated 

POWER INDEX = 

TUNNEL HEIGHT H 

7.00 

36 .oooo 

PRESSURt DROP COEFFT KO ~ 1,0000 

BAR DIAMETER 0 1.0000 

TOL 0.0001 

COWDREY METHOD 

NO BARS = 14 

BAR NO HEIGHTII~CHESl 

l 0.5000 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

2.2885 

4.2768 

6.4199 

8,6998 

11.1083 

13.6416 

16.2987 

19.0809 

21.9909 

25.0330 

28.2130 

31.5380 

35.0172 

POWER INDEX = 4.00 

TUNNEL HEIGHT H 36,0000 

SPACE 

o.o 
1.7885 

1.9884 

2.1430 

2.2800 

2.4085 

2.5333 

2.6571 

2.7822 

2.9100 

3.0421 

3,1800 

3.3251 

3.4791 

PRESSURE DROP COEFFT KO = 1,0000 

BAR DIAMETER 0 = 1.0000 

TOL 2 o.ooo1 

COWDREY METHOD 

NO BARS = 13 

BAR NO HE IGHTI l'lCHES) 

0.5000 

2.0072 

3.6974 

5.544B 

7.5441 

9.6990 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

12.0196 

14.5225 

17.2316 

20.1818 

23.4243 

27.0380 

31.1546 

POWER I~DEX = 6.00 

TUNNEL HEIGHT H 48.0GOO 

SPACE 

o.o 

1.5072 

1.6903 

1.8474 

1.9993 

2.1549 

2.3206 

2.5028 

2.7091 

2.9502 

3.2425 

3.6137 

4.1166 

PRESSURE DROP COEFFT KO = 1.COOO 

BAR DIAMETER 0 = 1.5000 

TOL 0.0001 
COWDREY METHOD 

NO BARS = 12 

BAR NO 

1 

HE I GHTI PICHE S) 

0.75·)0 

3. 3 546 

6.2789 

9.4626 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

12.88'i5 

16.5421 

20.4355 

24.5746 

28.9738 

33.6537 

38.6413 

43.'1725 

SPACE 

o.o 
2.6046 

2.9244 

3.1837 

3.4229 

3.6567 

3.8934 

4.13'11 

4.3993 

4.6799 

4.9876 

'i,3312 

Grid Design 

0 AND l METHOD 

NO BARS = 13 

Data 

BAR NO HEIGHT! INCHES) 

0.5000 

2.4684 

4.6156 

6,8949 

9.2880 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

11.7855 

14.3825 

17.0764 

19.8664 

22.7528 

25.7370 

28.8214 

32.0091 

o.o 

0 AND l METHOD 

NO BARS ~ 13 

· BAR NO HEIGHT! INCHES) 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

0.5000 

2.2224 

4.1320 

6.1941 

8.3989 

10.7469 

13.2445 

15.9035 

18.7422 

21.7867 

25.0753 

28.6648 

32.6459 

0 AND l METHOD 

NO BARS = 12 

BAR NO HEIGHT!INCHES) 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

0.7500 

3,6399 

6.8220 

10.2299 

13.8397 

17.6418 

21.6341 

25.8195 

30.2045 

34.7993 

39.6180 

44.6789 

SPACE 

o.o 
1.9684 

2.14 71 

2.2793 

2.3931 

2.4976 

2.5970 

2.6939 

2.7900 

2.8864 

2.9843 

3.0844 

3.1877 

o.o 

SPACE 

o.o 
1.7224 

1.9097 

2.0620 

2.2049 

2.3480 

2.4975 

2.6591 

2.8387 

3.0445 

3.2885 

3.5895 

3.9812 

SPACE 

o.o 
2.8899 

3.1822 

3.407'1 

3.6098 

3.8021 

3.9923 

4ol854 

1,,3850 

4.5949 

1,,8187 

5 o06~ 'I 
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APPENDIX 2 

ESTIMATION OF WIND TUNNEL ENERGY RATIO, TUNNEL PERFORMANCE DATA 

A2.1 ESTIMATION OF THE WIND TUNNEL ENERGY RATIO 

The horsepower, pressure and volume requirements of the fans 

were determined by the usual method (e.g. see Pankhurst & Holder, 1952) 

of dividing the tunnel into sections and summing the losses in each 

465. 

section to give the total loss. Since the fan performance character-

istics were, in the present work, predetermined with choice of fan dictat

ed by the existing Low Noise tunnel, the tunnel energy ratio was calculated 

purely to evaluate the tunnel performance under different configurations. 

Only the final results of this iterative calculation process are presented 

below. 

The energy ratio is defined as the ratio of the kinetic energy in 

the fluid passing through the working section to the power required from 

the fan blades. 

Energy Ratio = E.R. = Jet Energy 
Total Loss through tunnel 

where u 
w 

A w 

APt 

-

3 
!:lpu A 

w w 
= 

A u Apt w w 

= velocity in working section 

= cross-sectional area of working section 

= pressure 

Hence 

but 

loss through tunnel. 

= 

-A U 
ww 

E.R. 

(continuity) 

where Af and Uf are the area and velocity respectively at the fan inlet. 

Therefore at any speed in the working section: 

Ai? 
t E.R. 

The pressure loss coefficient, K, in each section is defined as 

AP 
= -·-K 

q 

Where = total pressure loss through section 



q = 
-u 

-2 
~pU , the local dynamic head 

mean axial velocity through the relevant wind tunnel 

section. 

p density of air in the tunnel. 

Referred to the working section, the loss coefficient is: 

K w = 

466. 

This expression gives the loss coefficient of any section related 

to the conditions in the working section, 

n 
and I 

i=l 
K w. 

~ 

= 
1 

E.R. 

A2.2 ESTIMATED AND MEASURED PRESSURE DROP COEFFICIENTS FOR THE VARIOUS 

WIND TUNNEL SECTIONS 

Preliminary calculations showed that the Reynolds number, 

based on the equivalent circular duct diameter, D, of the 4 ft x 4 ft 
6 working section, would fall in the range 1.3 - 1.9 x 10 • Over this 

range of Reynolds number the Friction Factor for working section ducts 

is sensibly constant, so that the same friction factor was able to be 

used for a given section under different tunnel configurations. Loss 

coefficients K are referred to the 4 ft x 4 ft working section. The 
w 

estimated and measured loss coefficients are presented for each section 

in turn, starting at the tunnel inlet. 

A2.2.1 Bell Mouth Tunnel Inlet, and Inlet Silencer: 

OVer the short length of the inlet silencer,duct losses can be 

neglected. The tunnel inlet itself is midway between a properly rounded 

inlet and a sharp entry as shown in Fig. A2.1. With the previously built 

inlet silencer shroud (Tang, 1971), installed outside the tunnel inlet, 

the tunnel inlet is more like the re-entrant duct entry of Fig. 2.lc, 

where the streamlines come from around the outside wall of the duct and 

produce a greater contraction of the entering stream. The entrance loss 

was conservatively estimated, assuming the silencer shroud would not be 



_) _j 
... 

11 
) 
(a) K=0·04 (b) K = Q. 5 (c) K=1·0 

Duct entrance losses from Daugherty and Franzini ( 1965 ). 

Bell mouth inl~ 

Tunnel inlet without 
silencer shroud. 

Tunnel inlet with 
silencer shroud fitted. 

Fig. A 2.1 TUNNEL INLET LOSS. 
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fitted, with 

K = 0.5 

K = 0.5 x[;f w 
(Inlet duct dia. = 4 ft) 

= 0.8106 

"' 0.81 •••• (A2 • 1) 

Measured Loss Coefficient: 

Silencer shroud installed: 

Silencer shroud removed: 

K = 0.45 

K = 0. 73 
w 

K = 0.24 

K 0.39 w 

The tunnel inlet loss was evaluated by traversing across the inlet, 18 in 

downstream from the bell mouth, according to methods set down in B.S.848 

(1939). The above results are only approximate because of the consider-

able variation in velocity across the duct just inside the inlet. An 

improved flared entry should possibly be considered for the future, to 

prevent the present apparent flow separation just inside the inlet. 

A2.2.2 Round-to-Square Transition-Silencer: 

This is essentially a short diffuser. 

and D2 =outlet diameter, 

If o
1 

= inlet diameter, 

D2 

Dl 

length L = 5 ft 6 in 

= 1.128 

L/D = 1.375 and equivalent conical diffuser angle= 5°20'. 

For a diffuser of these dimensions, discharging into a duct, Woods (1960) 

predict a static pressure regain of 90% of the velocity head difference. 

This leads to K = 0.06. 
w 

For a similar diffuser, the ASHRAE(l967) give 

K 
w 

= 0.002, which seems too low. Reference to data of Cockrell and Mark-

land (1963) indicates K = 0.1 or K = 0.06. 
w 

For this section it was therefore decided to use 

K = 0.06 
w 

The actual K value was not measured for this section. 
w 

A2.2.3 Honeycombs: 

•••• (A2. 2) 

From Ower and Pankhurst (1966), the resistance of each of the 

Aeroweb 383BU aluminium honeycombs was estimated at 

K = K = 0.45 w 
Measured loss Coefficient: K = K = 0.4 w 

•.•• (A2. 3) 
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A2.2.4 Coarse Turbulent Generating Grid: 

Referring to Baines and Peterson (1951, Fig.3), the pressure drop 

coefficient for a biplane square mesh lattice grid, B = 1.5 in., M = 6 in., 

and ~ = 56%, was estimated at 

K = 2.1 
w 

Measured loss coefficient: K = 2.09. 
w 

A2.2.5 The 4 ft x 4 ft Working Section: 

•••• (A2.4) 

The various surfaces of the inside walls, and the flow resistance 

of the traversing gear were taken to be equivalent to a wood surface of 

roughness height K = 0.03 in., such that the relative roughness of the s 
duct was K /D = 0.0006. Using the Moody diagram (Daugherty and Franzini, s 
1965, p.214), the corresponding pipe friction factor is f = 0.018. 

K 
w = 

fL 
D 

0.18 

= 0.18 for 40 ft working section length L. 

K w = 

Measured Loss Coefficient: K = 0.16 w 

A2.2.6 Bottom Corner and Top Corner: 

•••• (A2. 5 

The discussion of Appendix 3 shows considerable variation in 

measured values of loss coefficient for turning vanes of similar design. 

In Appendix 3 it was decided to use K ~ 0.2. 

For the bottom corner, which contracts from 4 ft x 4 ft 6 in, to 

4 ft X 4 ft 

K = 0.2 
w 

For the top corner, Area = 4 ft x 5 ft 

K = w 0.20 X [:]' 

~ 0.13 

Measured Loss Coefficients: 

= 

Bottom Corner: see section A2.2.7 

Top Corner: K = 0.16. w 

2 
0.2 X 0.8 

A2.2.7 Vertical Diffuser (2nd Diffuser): 

Here the area change is from 4 ft x 4 ft to 4 ft x 5 ft. 

the equivalent cone diameter ratio is 

~ 1.12 and Length L = 3. 729 ft 

•••• (A2. 6) 

• , •. (A2. 7) 

Hence 



= 0.826 and diffuser angle = 8° 18' 

whence from Woods (1960) the loss coefficient is evaluated as 

K = 0.036 w 

This is similar to the value of K = 0.04 estimated from the data of 
w 

Cockrell and Markland (1963), for a diffuser discharging into a duct. 

It was decided to use 
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K = 0.04 w 
•••• (A. 2) 

Measured Loss Coefficient: The loss coefficients for the bottom 

corner and vertical diffuser were measured together, with the flow dis-

charging vertically from the vertical diffuser. Assuming an exit loss 

of K = 1.0 at the diffuser or K = 0.64 at the 4 ft x 4 ft working section, 
w 

the corner and diffuser loss was calculated from the pressure loss data as 

K = 0.21 w 

Woods (1960) indicate that the diffuser part of this section, discharging 

into the open air, should have 

This makes K 
w corner 

K = 0.08. w 

0.13. 

NOTE: The diffuser loss is smaller when the diffuser discharges into a 

duct, and the calculated value of 0.04 for the diffuser loss coefficient 

is probably realistic. 

A2.2.8 Splitter-Silencer: 

The overall duct cross-section here is 4 ft x 5 ft. (Tang 1971) 

estimated the loss coefficient K, f.or this section as 0.064 on the basis 

that it was similar to a fibre-glass lined duct. This was felt unrealistic, 

since the aerofoil shaped splitters constitute a 33% blockage, and the punched 

aluminium splitter surface is fairly rough. Examination of a NONOYS PTY 

Ltd. 'Aeroduct Silencers' (1967) catalogue showed that theM-type range of 

these silencers, of similar design to the splitter silencer , had a loss 

coefficient of about 1 at a nominal flow speed based on the volume throughput 

and the total cross-section area of U = Q/A ~ 50 ft/sec. This was consider-

ed realistic for the splitter silencer where U ~ 52 ft/sec. 
max 

Therefore assuming K = 1, 

K = 1 X 
'IT 

= 0.64 •••. (A2.9) 

Measured Loss Coefficient: See A.2.2.9 
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A2.2.9 Third Diffuser: 

This diffuser diverges from 4 ft x 5 ft to 5 ft x 5 ft over a 

distance of 8 ft. From both Woods (1960) and Cockrell & Markland (1963) 

K ~0.036 based on inlet area. 

K = 0.023 w 
• ••. (A2.10) 

Measured Loss Coefficient: The loss coefficient for the 

splitter silencer and third diffuser were measured together. Assuming an 

exit loss coefficient of 1.0 at the diffuser, or 0.41 referred to the 

4 ft x 4 ft working section, the combined loss coefficient was evaluated 

from the pressure loss data as : 

Kdiffuser + silencer 0.92 (referred to inlet of diffuser) 

or Kw = 0. 59. 

Woods (1960) give Kdiffuser = 0.06 for the diffuser discharging into the 

air. Hence K .
1 

= 0.86, compared with the estimate of 1.0
1 

and 
s~ encer 

K 'l = 0. 552. w s~ encer 

When the diffuser discharges into a duct (in this case the contraction), 

K = 0.023. 
w Discharging into the air as above, 

K = 0.038 
w diffuser 

(For all the diffusers, K has been calculated on the inlet cross-
diffuser 

section area). 

A2.2.10 Remaining Tunnel Components: 

These were taken to be the same as calculated by Tang (1971) in the 

original Low Noise Tunnel design1 and were not measured. 

coefficients are listed below. 

The various loss 

Section 

The Gauze screen in the settling chamber 

The contraction 

The 2.5ft x 2.5ft Low Noise working section 

Exit loss from 2.5ft x 2.5ft working section 

K 

2.5 

0.0123 

0.035 

1.0 

K w 

1.024 

0.081 

0.229 

6.554 

A2.3 The Energy Ratio, Estimated and Measured Performance for 

Various Configurations of the Wind Tunnel: 

Below original design estimates and later measurements of tunnel 

performance are listed with the flow discharging from three different 

points in turn: 



(i) the exit of the 4 ft x 4 ft working section. 

(ii) the exit of the third diffuser (on mezzanine floor) 

(iii) the exit of the 2.5ft x 2.5ft Low Noise working section. 
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Volume flow estimates are made with reference to the Fan Performance Chart, 

(p.476) 

In all cases the tunnel ran, or was assumed to run, without the 

silencer shroud around the bell mouth inlet. Where a K value has not 

been measured, the estimated value is used, and marked with an asterisk. 

(i) Flow Discharging from the 4 ft x 4 ft working section: 

The tunnel was run in this form before the corner section was 

built. Two honeycombs were fitted, but no coarse turbulence generating grid. 

Bell mouth inlet, K w 
Round-to-Square Transition, K w 
2 Honeycombs, K 

w 
4 ft x 4 ft working section, K w 
Exit loss, K w 

Energy Ratio 

Total K 
w 

Fan blade pitch settings 

Tunnel air volume throughput, Q 

at a fan static pressure 

Max. speed in 4ft x 4ft section 

Estimated 
Values 

Measured 
Values 

0.81 0.39 

0.06 0.06* 

0.90 0.80 

0.18 0.16 

1.00 1.00* 

2.95 2.41 

0.34 0.41 

17°/17° 17°/17° 

67000 CFM 59088 CFM 

1.476 in W.G. 0.68 in W.G. 

69.8 ft/sec 61.55 ft/sec. 

Ideal Q for Kw total = 2.41 is 69000 CFM at 1.1 in W.G. fan static 

pressure. 

Therefore, measured Q is 14% low. 

(ii) Flow Discharging from 5 ft x 5 ft outlet of Third Diffuser on 

Mezzanine Floor: 

The tunnel is run in this form for atmospheric wind modelling work 

in the 4 ft x 4 ft working section. In arrangement (a) below estimates are 

made assuming 2 honeycombs are installed. In the actual tests, the flow re

distributing guide vanes replaced the upstream honeycomb, but it was assumed 

that K . ~ K 
w gu~de vanes w honeycomb. 

In arrangement (b) below,· the guide 

vanes were installed and the coarse turbulence generating grid replaced the 

second honeycomb at the working section entrance. 



(a) Honeycombs Installed: 

Bell Mouth Inlet, K 
w 

(Diffuser 1) Round-to-Square 

Transition, K 
w 

2 Honeycombs, or honeycomb + guide 

vanes, K w 
4ft x 4ft working section, K 

w 
Bottom corner, K 

w 
(Diffuser 2) Vertical diffuser, K w 
Top corner, K 

w 
Splitter silencer, K 

w 
Third diffuser, K w 
Exit loss, K w 

Energy ratio 

Fan blade pitch settings 

Total K : w 

Estimated 
Values 

0.81 

0.06 
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Measured 
Values 

0.39 

0.06* 

0.90 0.80 

0.18 0.16 

0.20 0.13 

0.04 0.04* 

0.13 0.16 

0.64 0.55 

0.04 0.04* 

0.41 0.41 

3.41 2.74 

0.29 0.36 

17°/17° 20°/20° 

Tunnel air volume throughput, Q 

at a fan static pressure 

66000 CFM 62800 CFM 

1.91 in W.G. 1.09in W.G. 

Max. speed in 4ft x 4ft section 68.8 ft/sec 65.4 ft/sec. 

Ideal Q forK = 2.74 and fan blade pitch settings 20°/20° 
w total 

is Q = 72500 CFM at 1.8 in W.G. fan static pressure. Therefore 

measured Q is 13% low. Note that the estimated volume flow, Q, 

(17°/17°) is only 1~% lower than with the flow discharging from the 

4 ft x 4 ft section. 

(b) Guide Vanes and Coarse Grid Installed: 

Here, both estimated and measured tunnel performance figures are 

evaluated with fan blade pitch settings of 20°/20°. K figures w 
are as in (a), but with Kw grid = 2.1 replacing Kw 2nd honeycomb· 

Total loss coefficient, Kw total 

Energy ratio 

Fan blade pitch settings 

Tunnel air volume throughput, Q 

at a fan static pressure 

Max. speed in 4ft x 4ft section 

Estimated 
Values 

5.06 

0.198 

20°/20° 

66000 CFM 

3.7 in W.G. 

68.8 ft/sec 

Measured 
Values 

4.44 

0.225 

20°/20° 

58560 CFM 

2.42 in W.G. 

61.0 ft/sec. 

Ideal Q for Kw total = 4.44 is Q = 67500 CFM at 3.15 W.G. fan static 

pressure. There measured volume flow rate, Q, is 13% low. 



(iii) Flow Discharging from 2.5 ft x 2.5 ft Low Noise Working Section: 

With this arrangement the complete tunnel is in use. Performance 

figures below assume that the flow redistributing guide vanes, and the 

coarse turbulence generating grid are fitted upstream of the 4 ft x 4 ft 

working section. · · t h · b d 17°/17° fan Des1gn est1ma es ere aga1n were ase on 

blade pitch settings. 

Bell mouth inlet, K 
w 

(Diffuser 1) Round-to-Square transition, K 
w 

Flow redistributing guide vanes, K 
w 

Coarse turbulence generating grid, K 
w 

4 ft x 4 ft working section, K 
w 

Bottom corner, K w 
(Diffuser 2) Vertical Diffuser, K w 
Top corner, K w 
Splitter silencer, K 

w 
Third Diffuser, K 

w 
Gauze screen, K w 
Low Noise tunnel contraction, K 

w 
2.5ft x 2.5ft Low Noise working section, K 

w 
Exit loss, K 

w 

Energy ratio 

Fan Blade pitch settings 

Total K w 

Estimated Measured 
Values Values 

0.81 0.39 

0.06 0.06 

0.45 0.45* 

2.1 2.1 

0.18 0.16 

0.20 0.13 

0.04 0.04* 

0.13 0.16 

0.64 0.55 

0.02 0.02* 

1.02 1.02* 

0.08 0.08* 

0.23 0.23* 

6.55 6.55* 

12.51 11.94 

0.08 0.084 

170/170 20°/20° 

48000 CFM 47600 CFM 
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Tunnel air volume throughput, Q 

at a fan static pressure 6.15 in W.G. 5. 77 in W.G. 

Max. speed in 4ft x 4ft section 50 ft/sec 49.6 ft/sec 

Max. speed in 2.5ft x 2.5ft section 

Max. speed in 4 ft x 4 ft section with 

128 ft/sec 127 ft/sec 

coarse grid removed 52.6 ft/sec. 

pitch settings Ideal Q for Kw total = 11.94 and fan blade 

Q = .51500 CFM at 6.76 in W.G. fan static pressure. 

20°/20° 

Therefore measured 

volume throughput is 8% low. 

is 

The foregoing tunnel performance figures show that the volume flow rate 

given by the fans is usually about 13% lower than the estimate taken from 

the fan performance chart. This probably relates to the failure of Fan 2 

to draw full load current, discussed in 5.3.4(b). In the tunnel performance 

test with the Low Noise working section connected up and fan blade pitch 
0 0 20 /20 , the volume flow rate defect of only 8% is probably due to the fact 



that in this configuration, Fan 1 was drawing a 7% current overload and 

exceeding design performance. 

The very high exit loss coefficient, K = 6.55 for the 2.5ft x 2.5ft w 
Low Noise working section, shows the desirability of fitting a diffuser 
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at the exit from this section, to obtain some static pressure recovery and 

improve tunnel performance. In (iii) above, the estimated tunnel air 

volume throughput is almost exactly equal to the design maximum efficiency 

performance for the 2 stage fan unit with 17°/17° fan blade pitch settings, 

and the actual performance should be close to this when the power output of 

Fan 2 is brought up to the correct value. Addition of an exit diffuser 

would reduce the overall tunnel pressure drop coefficient, and this would 

then leave some freedom to add high blockage models, or gauze screens 

upstream of the 4 ft x 4 ft working section, to bring the tunnel loss back 

up to Kw total ~ 12.5, so that the fans operate at maximum efficiency. 

Below, the tunnel performance is calculated for the case where an exit 

diffuser is fitted to the Low Noise working section. 

K are used where known. 

Measured values of 

w 

Complete Wind Tunnel Fitted with Exit Diffuser: 

Maximum available length for exit diffuser = 10 ft. 

Hence L/D
1 

~ 3.55, where o
1 

= equivalent diameter of 2.5ft x 2.5ft sq.duct. 

Woods (1960) recommend, for this value of L/D
1

, that maximum static 

pressure recovery will be obtained with o2;o1 
= 1.6, so that the diffuser 

exit would be 4 ft x 4 ft square. 

For a diffuser of the above dimensions K = 0.1 (Woods, 1960) and for w 
exit loss, K = 1.0 (4ft x 4ft outlet). 

w 

Hence, working from Kw total for the complete tunnel in (iii), and using 

the measured K values: w 

Kw total = (11.94 - 6.55) + 0.1 + 1.0 = 6.49. 

WJ.'th 17°/17° fan blade 't h tt' th t 1 f h ld pl. c se J.ngs, e new unne per ormance s au 

be Q = 57500 CFM, at 4 in W.G. fan static pressure. The increase in air 

volume throughput, over that available at present, is about 20%. Maximum 

speed in the 4 ft x 4 ft working section would be about 60 ft/sec, and the 

need to disconnect the Low Noise tunnel contraction and working section, when 

working in the 4 ft x 4 ft section, would probably be avoided. The increased 

tunnel performance, and reduced static pressure inside the tunnel, make the 

addition of this diffuser a high priority item among suggested improvements 

to the facility. 
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FAN PERFORMANCE CHART 

FAN DIAM. 48 in. Chart No. 48 I 

R.P.M. 1480 WOODS AEROFOIL FANS 

TYPE J! and J!2 February 1964 

IIJI E 1 VOl UML ( I M 

10,000 20,000 80,000 40,000 JO,OOO 60,000 70,000 80 000 uo,ooo 1 00,0(){) 
l t-t- I r- ]~ 

I 

i I 

r r I 1 t . -
l l t 

I 

~ 10 (J 

I 
I I 9 0 

I 0 

a:: 
UJ 

6·0 
1-
<! 
~ 
lJ... 
() 

({) 

50 
UJ 
L 
u 
7 

I 
llJ 
rY 

4 0 
::l 
(/) 
({) 

a:: 
0.. 

u 
f= 

3·0 
<! 
r-
(/) 

z 
·1 

'-+-14-J-1' . .........,'-",'-'+'-+-'-' "'1-~~'+'-if-U+'.-"i 0 
10,000 20,000 30,000 40,000 70,000 80,000 100,000 

- Fan Sound Pressure Level, dB Density 0·0751b./ft. 3 

- Fan Total Effi ciency, per cent. 



477. 

APPENDIX 3 

DESIGN OF WIND TUNNEL CORNER SECTION TURNING VANES 

Winter (1947) has shown that the traditional thick turning vanes used 

in wind tunnel corners, can be replaced by thin sheet metal turning vanes with 

little or no increase in pressure loss at the corner. However,much of the 

information on actual turning vane losses in typical wind tunnel applic-

ations is contradictory or unreliable. In order to economise and make use 

of a previously constructed turning vane shaping jig, it was decided to use 

thin turning vanes in the corner section. 

relevant vane dimensions are: 

Gap : chord ratio = S/C 

Passage aspect ratio D/S. 

Referring to Fig. A3.l, the 

Pope (19SO) recommends D/S ~ 6 and S/C = 0.4 for thin turning vanes. 

Pankhurst and Holder (19S2) recommend S/C = 0.2S and suggest maximum 

efficiency will be obtained when the vareleading edge is at an angle of 

incidence between 0° and S0
• Ower and Pankhurst (1966) support this, and 

also suggest closer spacing S near the inside of the corner. Ahmed and 

Brundrett (1968} tested thin turning vanes with tangential extensions on 

the trailing edges as shown in Fig. A3.1. Tests were carried out at Reynolds 

numbers (U c/v ) up to 4.8 x lOs. For thin turning vanes these authors 
0 

suggest an aspect ratio from 6 to 8, and found that the loss coefficient 

decreased with increasing Reynolds number and increasing S/C. 

Matson and Archer (1969) review previous turning vane tests including 

those of Salter (1946), Winter (1947), Patterson (1937), Silberman (19S3) 

and Ahmed & Brundrett (1967, 1968}. These results show considerable dis-

agreement even allowing for decrease in loss coefficient with increasing 

Reynolds number, e.g. similar shaped vanes tested by Salter, and later by 

Ahmed and Brundrett gave loss coefficients of 0 .12S and 0 .. 23 respectively 

at a gap to chord ratio of 0.3S, and the higher loss coefficient occurred 

at a higher Reynolds number. 

In general, low turbulence tunnels require that small blade spacings 

be used, e.g. 2 - 3 in with S/C = 0.2S. Tunnels not requiring a low 

working section turbulence level may use vane spacing over 12 in with 

larger S/C ratio. The larger chord in such vanes means higher Reynolds 

number and lower vane losses. Matson and Archer (1969} suggest that 

Reynolds number should be greater than 4 x lOS for 'low loss' 
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turning vanes, and that low loss corners should contain a minimum of 20 

vanes. In the present work, with high turbulence at the exit from the 

4 ft x 4 ft working section, and the desirability of low turbulence in the 

Low Noise working section, a large number of vanes of moderate chord length 

were used, to strike a compromise between reduction of turbulence in the 

flow and achievement of low corner losses. Dimensions chosen followed 

the recommendation of Matson and Archer, who suggest: 

Gap : Chord Ratio, S/C = 0.28 - 0.35 

Passage Aspect Ratio, D/S ~ 6 

Camber Angle = 86°- 87°. 

Setting: Positive angle of incidence of 3° - 4° with 

a trailing edge angle of zero relative to the 

tunnel centre line at exit. 

The turning vane design used is shown in DRG W34. 

details are summarised below: 

Material 

Chord, C 

S/C 

Radius: 

Camber Angle: 

Bent lOG mild steel 

8.5625 in. 

0.35 

5 in. 

87° 

Tangential leading edge extension: 0.25 in 

Tangential trailing edge extension: 2 in. 

Angle of incidence of leading edge: +3° 

Number of vanes: Bottom corner 24 

Top corner 23 

Typical Reynolds number: 2.7 x 10
5

• 

Some of the design 

The vanes were welded to the tunnel skin, which is reinforced each 

side of the tunnel by a 4 in x 2 in diagonal mild steel channel. 
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Ahmed and Brundrett (1968) Thin turning vanes. 

Fig. A3.1 VANE NOMENCLATURE. 
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APPENDIX 4 

ESTIMATED COST OF THE WIND TUNNEL CONSTRUCTION 

The account given below is a summary of material costs (accurate) 

and labour costs (approximate) for the complete tunnel. Labour costs, 

estimated on the number of man-hours worked, represent only salaries for 

the workshop technicians and a general workshop overhead, so that labour 

is casted out at $3.50 per hour. Machine overheads have not been includ-

ed in this cost. 

below. 

Mezzanine floor construction costs are not included 

1. MATERIALS 

Low Noise Tunnel, as at April 1971 

New Tunnel Construction: 

Oregon timber, particle board, hardboard 

Steel Sections, bar, tube, sheet 

Aluminium alloy sections and sheet 

New fan, motor, anti-vibration mountings, duct, spacer 

New fan starter, fan controls, & pneumatic equipment 

20 sheets of ~ in armour plate glass 

Bearings, gears, motors, controls for traverser 

and roof hoisting gear 

40 ft zip for tunnel floor 

Aluminium Honeycomb (including spares) 

Door catch castings, springs 

Sealant, fibreglass filler, paint, varnish, glue 

Sundries: including screws, nuts, bolts, welding gas, 

rubber fittings, models 

New Construction Material Cost: 

TOTAL MATERIAL COST = (1) + (2) = $12,300 

'2-; LABOUR COST 

Low Noise Tunnel: 

New Construction: 

Cost @ $3.50 per hour 

Approximately 2000 man hours 

Approximately 7000 man hours 

= 9000 X 3.50 

$31500 

(A) 

(B) 

COST IN 

4737.00 

880.42 

709.63 

1045.63 

2777.80 

305.43 

227.23 

715.77 

16.02 

358.58 

65.30 

115.34 

263.99 

$7562.14 

$ 

(1) 

(2) 



NOTE: 

Hence: TOTAL COST OF COMPLETE WIND TUNNEL 

FACILITY = (A) + (B) 

= $43,800 

The above total cost does not allow for inflation between 

1970 and 1973, or for costs of design and supervision time. 

The total cost as at, say, 1 April 1973 would have been 

somewhat higher. 
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APPENDIX 5 

SELECTION OF CEILING SOUND ABSORPTION MATERIAL AND 

CONFIGURATION 

482. 

Tang (1971) has described the Impedance Tube technique for determining 

the absorption coefficient of a given sound absorbent material. This tech-

nique was used in the present work, and a 6 in diameter impedance tube was 

used together with the Bruel and Kjaer Type 1002 Beat Frequency Oscillator, 

and Type 2107 Beat Frequency Analyser. This layout was previously used 

by Tang. (See Tang, 1971, Fig. C5). 

Eight different arrangements for the sound absorption scheme for the 

underside of the mezzanine floor (ground floor ceiling) were tested. In 

each case the distance between the 3/16 in pegboard (ceiling panel) and 

3/4 in particle board (mezzanine floor panel) in the impedance tube was 

set at the true distance of 10 in. The various test layouts and sound 

absorption results are shown in Figs. A5.1 and A5.2. 

At 

Fig. A5.2 shows that: 

(i) the presence of some sort of sound absorbent material causes 

a great increase in the sound absorbent ability of the ceiling 

cavity; 

(ii) Ehe 2 in semi-rigid SF300 fibreglass batt is marginally superior 

to the 1 in SF300 batt, and both of these are superior to the 

soft, less dense, domestic batt; 

(iii) the sound absorption with the semi-rigid batts is better when 

there is a gap between the pegboard panel and the fibreglass 

batt. 

the time of construction, prices were: 

2 in SF300 tissue-covered batts 47.5 ¢/ft
2 

1 in SF300 II II II 25.5 ¢/ft
2 

In view of the small difference in performance of the 2 in and 1 in 

batts, it was decided to use the more economical 1 in thick material with 

arrangement 8, Fig. A5.1, for good average sound absorption characteristics. 

The 1 in gap between the pegboard ceiling and the 1 in batts above, was 

arranged by sitting the semi-rigid batts on nails placed 1 in above the 

ceiling panel. 

wooden cleats. 

Where the span was large, batts were sat on supporting 
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APPENDIX 6 

OPERATION OF THE FLOW MEASURING EQUIPMENT ~ SOURCES 

OF ERROR IN CALIBRATION AND USE 

A6.1 Normal Procedure for Operation of the Hot Wire Anemometers: 

485. 

Detailed operating procedure and theory of the hot wire anemometer are 

not dealt with here. The former is amply described in the DISA equipment 

manuals, and the latter is described by Hinze (1959), Bradshaw (1971) and 

briefly also by the DISA manuals. In this appendix only important features 

of the anemometer operation, and sources of error, are discussed. 

The two DISA 55DOO hot wire anemometer sets were connected up and cal

ibrated according to the detailed instructions set down in the DISA manuals 

for the 55D01 anemometer unit, 55Dl0 lineariser, 55D35 RMS voltmeter and 

55D30 DC voltmeter. The DISA TCA System, which was used for auto-correlation, 

cross-correlation and Reynolds stress measurements, was connected up as 

instructed in the manual for the 55D70 Analogue Correlator. T-junctions 

were used at the output terminals of the linearisers and 55D25 Auxiliary 

Units to duplicate signals for supply to the Bruel and Kjaer Type 2114 1/3 

Octave Bandwidth Spectrometer and to the DISA 55D71 Double Summing Unit. 

The schematic connection diagram for the equipment is as shown in Fig. 6.1. 

Hot wire anemometer probes were calibrated against a pitot-static 

probe (reading out on a Schiltknecht Micromanometer) either in the atmos

pheric wind modelling working section, or in the 4 ft x 3 ft working section 

of the aeronautical wind tunnel. For improved accuracy in the future, a 

hot wire calibration rig is needed. 

A6.2 Anemometer Gain Stability: 

It was found essential, for accurate work, to check anemometer Gain 

Stability using the square wave generator of the 55D25 Auxiliary Unit and 

a Cathode Ray Oscilloscope (Tektronix Type 502A). Without this precaution, 

differences in gain stability led to differences in the RMS voltage signals 

from the two sets. 

A6.3 Selection of Lineariser Exponent: 

Hot wire anemometer theory gives the voltage signal, E, from the con

stant temperature Anemometer as follows : 



where U =velocity, 1/m = 0.5 in King's Law 

or 1/m = 0.45 in Collis and Williams formula. 

A and B are constants whose values depend on the probe used. 

The linearise~ operates on this signal, such that 

(K and K
1 

are constants) 
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•••• (A6.1) 

The lineariser output voltage is therefore proportional to the true instant

aneous velocity across the probe, and may be adjusted so that zero linear-

iser output voltage corresponds to zero velocity. For the present work, 

the lineariser was calibrated so that K1 = 0.1 with U in ft/sec. 

For the 55F31 miniature single wire probes, the correct lineariser 

exponent was found to be m = 2.25. This corresponds to: 

2 = A + BU 0. 444 
ECTA 

For the 55A32 X probe used for Reynolds stress measurement and extraction 

of lateral and vertical velocity fluctuations v and w, the correct 

lineariser exponent was m = 2.20. This corresponds to : 

2 0.455 
ECTA = A + BU 

During calibration it was necessary to readjust the Temperature Compensation 

control on the lineariser after setting each new exponent. The above lin-

eariser exponent values were found to give good linearisation within approx

imately l% between U = 4m/sec and 21m/sec, and within about 3% between 

U = 1m/sec and 4m/sec. 

6.4 Effect of Ambient Temperature Changes on Probe Calibration: 

The instruction manual for the DISA 55D01 Anemometer Unit discusses 

causes of thermal drift occurring in the anemometer. With a warm-up period 

of 3 to 4 hours, drift in output voltage originating from within the instru-

ment should be negligible. In the present work a serious source of output 

voltage drift was the increase in ambient temperature that occurred while 

the tunnel was running. 

Teunissen (1972) discusses the use of temperature compensated probes. 

Teunissen used DISA Type 55E30 probes,in which a measuring coil of 
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tungsten wire is mounted directly on the probe. Such sophistication is des-

irable for future work in the wind-modelling tunnel, but was not available 

for the present work. 

The power input to the open-circuit tunnel flow from the fans is 

typically 50 - 60 HP depending on operating speed, and despite the open

circuit flow, ambient temperature rise in the aeronautical laboratory was 

frequently 3°C over a 3 hour period and up to 5°C in hot summer weather. 

The effect of this ambient temperature rise in the flow over the probe was 

to cause a loss in the anemometer system gain of up to 8% in a 3 hour period 
0 or ~-1~%/ C. This is in line with figures suggested by Bradshaw {1971) and 

by DISA Information No. 15. 

The solution adopted for this problem was to regularly traverse the 

probe back to a reference position and correct the gain at the lineariser 

output. Over a short traverse, say less than 30 minutes loss in gain due 

to ambient temperature rise was usually negligible. 

These thermal effects are much more severe in the closed-circuit aero
a nautical tunnel, where ambient temperature rises of up to 15 C can occur 

over a 3 hour run. 

A6.5 Effect of Dirt on the Probe or Probe Calibration: 

It was noticed
1
when repeating runs made at an earlier date, that at a 

given point in the flow u'/U decreased as dirt accumulated on the probe 

wire element, i.e. the sensitivity to velocity fluctuations was reduced by 

-10% in 60 hours. This problem is quite important in the open-circuit tunnel 

as the proximity of the departmental workshop and other laboratories can 

result in significant quantities of fumes and dust in the local atmosphere. 

As a precaution against loss of sensitivity to velocity fluctuations, no 

doubt arising from the increased thermal inertia of a dirty probe, probes 

were periodically washed in a container of acetone andrinseaoff with ethyl 

alcohol. This was quite effective and the cleaned probe was checked 

against a new probe reserved for this purpose. 

A6.6 Effect of Flow Inclination and Large Velocity Fluctuations on Mean 

Velocity and Turbulent Intensity Readings: 

This problem was important only with the e~periments on model fences, 

where, in the first 10 - 15 fence heights downstream of the fence, large 

inclinations of the flow to the horizontal, and large turbulent intensities 

occur. 
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In using the 55F31 miniature single wire probes, the wire element 

was mounted vertically in the flow modelling work, although no difference 

in the signal could be detected within the readable accuracy of the DISA 

DC or RMS meters, between a horizontally or vertically oriented probe. 

For the fence modelling work, the probe element was mounted horizontally 

to sense more correctly the true mean flow speed in the inclined flow behind 

fences. 

Typically, instruments used to measure flow in the lee of windbreaks 

are assumed to measure the streamwise mean velocity U. As the angle of 

incl·ination of the flow to the instrument increases, the following errors 

are likely : 

Pi tot-Static Tube: (Prandtl design) 

Flow inclination 10°, -1% on mean velocity head 

" " 20° +4% " II II II 
I 

(Pankhurst and Holder, 1952, Fig.l03) 

Cup Anemometer: 3 cup anemometer 

Flow inclination± 10°, +1% on reading true velocitylu2 + w2 

" II /
-2 -2 

reading of true velocity U +W 

0 For inclinations greater than 25 , cup anemometer reading rapidly falls 

below true reading. (Gill, 1966). 

Propeller Anemometer: 

As flow inclination increases, the anemometer shows an approximate 

cosine response, so that 

u. . = ut .cose, where 8 is the inclination. 1nd1cated rue 

(Lindley, Bowen and Morfee, 1974). 

In the flow downstream of a fence, reports (e.g. Good and Joubert~ 1968) 
0 indicate that inclination of the flow may be up to 25 to the horizontal, 

but is generally not more than 10°. This means that the U component may 

quite Often be down tO 98% Of the true mean Velocity, ~u2 
+ w2 

1 and may 

fall as low as 91% of the true mean. For fences of permeability greater 

than about 20% flow inclination will generally be small enough to neglect 
- ;-2 -2 the difference between U and U + w . 

In the case of the hot wire probe, mounted horizontally and with the 

wire perpendicular to the two-dimensional flow over the fence, the mean read-

ing will be 
= /-2 -2 u + w 

i.e. the true mean velocity at the point. The true mean velocity is more 

significant than the U component alone, since the vertical component 
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increases the dynamic pressure of the wind on the object being protected in 

the lee of a fence. Available windbreak streamline plots indicate that the 

flow inclination is rarely more than about 7° except for the first 2 to 4 

fence heights downstream, and in the vicinity of the reattachment point with 

solid fences. (e.g. see Good and Joubert; 1968, Naegeli, 1953; Woodruff 

and Zingg, 1952). In plotting experimental data it was considered that the 

flow inclination error would generally be small if the mean velocity was 

called U in dimensionless plots of U/U , and calling the true mean velocity 
0 

U gives a more realistic picture of the mean velocity field behind the fence. 

The effect of large turbulent fluctuations on hot wire anemometer res

ponse has been discussed by Hinze (1959) , Bradshaw (1971) and Davies (1972) . 

There is, however, a scarcity of information on the accuracy of hot wire anem

ometer readings at intensities of turbulence greater than 0.3, and in the work 

with model fences in this project, apparent intensities of over 0.7 were 

involved. 

Hinze (1959) analyses the signal from a non-linearised constant current 

hot wire anemometer, and derives expressions for mean velocity and turbulent 

intensity, showing the effect of large u and/or w velocity component. 

Special cases of Hinze's expression for turbulent intensity are considered 

on p.499. Hinze suggested 'that hot wire errors with the constant current 

method are reduced by a factor of 9 in the linearised constant temperature 

anemometer, but does not discuss turbulent intensities greater than 0.25. 

DISA Information bulletins also yield no information on intensities greater 

than 0.2. The DISA instruction manuals accompanying the anemometer sets only 

suggest that the linearised constant temperature anemometer can handle turbul

ent intensities considerably greater than 0.2. 

Bradshaw (1971) states that even with a constant temperature anemometer, 

the interpretation of hot wire readings is increasingly uncertain for turb

ulent intensities greater than 0.3, and that this uncertainty remains if a 

lineariser is used, because at high intensity,correction for non-directionality 

fth .. dd .. k ld f-2- d"""3 . . . o e w1re 1s nee e , requ1r1ng now e ge o u w an w quant1t1es. Dav1es 

(1972) presents a new method for interpreting hot wire signals, but limits 

results to intensities of less than 0.25. 

Accuracy of Mean Velocity Readings: 

To examine first the effect of high turbulent intensity and flow inclin

ation on mean velocity readings, consider a two-dimensional flow inclined at 

an angle 8 to the x direction, with turbulent velocity components u and 

w as shown in Fig. A6.1. The effective cooling velocity is : 
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/(u8 + ucos8 + wsin8) 2 + (wcos8 - usin8) 2 

1 - 2 2 2 
u8 + u + w + 2u8 (ucos8 + w sin8) 

With appropriate choice of lineariser gain, in Eqn A6.1 

E , U = U 
L1n 8eff. meas. 

Assume for convenience, approximate King's Law behaviour, so that 

m 2, n = !z. 

u 8eff. 
2ucos8 

Expanding this expression to include terms only up to 3rd order 

[ 2 
2 uwsin28 - 1 u . 2 + ~~ 2 1 u "' u8 1 +-- s1n 8 cos 8 aeff. 2 -2 2 -2 2 -2 

u8 u8 u8 

+ ucos8 + wsin8 1 (ucos8 + wsin8) (u
2 

+ w
2

) l - 2 -3 
u8 u8 

(Term A) 

2 1 w2 2 1 uw . 28) - (1 1 u . 28 u "' u8 +-- s1n + --cos 8 -- s1n 8eff. 2 -2 2 -2 2 -2 
u8 u8 u8 

Equation A6.3 neglects Term A in Equation A6.2a. 

•.•• (A6. 2) 

.•.• (A6. 2a) 

.••. (A6.3) 

2 
In the leeward flow behind fences, typically -uw = 0.3 u and u' "' 2w' 

(see Hagen and Skidmore, 1971, and Plate 1971). Using these values, estim-

ates of u8eff/U8 from Eqn. A6.3 are tabulated in Table A6.1 for typical 

values of u•;u
8 

and 8 in the lee of fences. 

TABLE A6.1 

Ratio Flow Inclination, 8 

u eff/U 00 50 10° 25° 

I I :>t 
r-1 1=1 +J 
::l H•r-l 

0.05 1. 00003 1.0004 1.0005 1.0008 
,.Q Ul 0.1 1.001 1.0015 1.0019 1.003 
1-1 +J 1=1 
::l 1=1 Q) 0.2 1.005 1.006 1.0075 1.012 8 Q) +J 

.::l, lt::::><D 
0.4 1.02 1.025 1.03 1.049 
0.7 1.06 1.075 1.09 1.15 
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It can be seen from Table A6.1 that the mean velocity indicated by 

the linearised hot wire anemometer tends to be greater than the true value. 

In the above case, for inclinations of the flow of up to 10° and intensities 

of turbulence up to 0.4, the error is less than 3%, and it can be seen that 

the effect of the inclination of the flow to the wire is negligible compared 

with the effect of high turbulent intensity. Test calculations show that 
--z the effect of an increase in the ratio W1 /u 1 or -uw/u is to increase the 

mean velocity error predicted by Eqn. A6.3. For most of the fence leeward 
-2 

flow data sighted, u 1 /w 1 ~ 2 and -uw/u ~ 0. 3, so that the errors shown in 

Table A6.1 should be a conservative estimate. 

It was decided that for most purposes, the effect of inclination of 

the flow on the indicated mean velocity could be disregarded. Significant 

errors of more than about 3% are likely only in regions of very high turb-

ulent intensity behind a fence of low permeability. In such regions mean 

velocity measurements by hot wire anemometer are of doubtful meaning because 

flow direction reversals are not detected by the hot wire, which will tend 

to over-estimate the mean velocity vector. Generally, the hot wire anem-

ometer should give accuracy as good as that given by, say, cup anemometers 

in the full scale situation. 

Effect of Higher Order Terms on Equation A6.2: 

3 3 2 2 
This cannot be determined unless quantities such as u , w , uw , u w, 

4 w4 and u2w2 are d d th l't t ' f 1 t' f u , measure , an e 1 era ure g1ves ew eva ua 1ons o 

these quantities in a boundary layer, let alone for fence leeward flow. 

Townsend (1956) gives some data for the higher order correlations, but 

2 2 not in a form enabling u w or uw to be extracted. It is also stated that 

3 3 3 3 u and w are non-zero in a boundary layer. (Ideally u = w = 0 in iso-

tropic flow, wh~re u 

gives u
4 = 3(u2 )

2 
for 

is assumed to be true 

4 
u 

= -4 
ue 

and w are normally distributed) • Hinze (1959) 

the case where u is normally distributed. If this 

for u and w, then 

3(u
2 Y 4 

3(w
2Y , and W" 

-4 -4 -4 
ue ue ue 

Bradshaw (1967) found values of higher correlations in a smooth wall turbul

ent boundary layer; e.g. for z/8 = 0.4 and in zero pressure gradient flow, 

3 
~ 0.5 w p-)}'.t ~ 0 • 2 • 
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Bradshaw (1971) also gives, 

in the boundary layer. 

Antonia and Atkinson (1972) present 3rd and 4th order correlations of the 

Reynolds shear stress fluctuati~ f£E_smooth and rough wall boundary layers. 

N

0

of data were available for jle
2
u:)

2l u
2

wthaned u
2
w

2 
correlations, but a value 

10 was quoted for :( \u w in fully turbulent log. region of the 

boundary layer where the statistics of u and w are nearly Gaussian. 

The unavailability of higher order correlations to use in Eqn. A6.2 
u' 

makes estimat~on of the accuracy of Eqn A6.2 almost impossible when _ 
w' U 

and are large. Equation A6.3 may be expressed more accurately: -u 
•... (A6. 4) 

where E 2u~os6 + 2w~in6 ) 

ue ue 

In order to obtain a rough estimate of the effect of higher order terms in 

the expansion of (1 +E)~, the expressions above, of Hinze and Bradshaw 

were used, with z/~ = 0.3, and the following major assumptions made: 

(i) 

(ii) 

2 2 
u w 

2 
u w 

2 2 
~ u .w 

2 
"" uw 

22 -2 
(In isotropic turbulence u w = ·u

2 
) 

4 

( ... ) 3 3 
l.l.l. u w "" uw 

u 
6eff. 

(assumptions possibly only true to within an order of magnitude) 

Expanding Eqn A6.4 as far as 4th order terms, 

= u{ + 
ucose 
-
ue 

4 
u 

+ -4 
4u

6 

3sin26 
+ 

4u
4 
e 

+ 
wsine uwsin26 

+ 
-2 

ue 2u
6 

3 3 
(u w + uw ) + 

2 2 
u w 

2u4 
e 

2 
1 u . 26 -- s1.n 2 -2 

ue 

4 
w 

-4 
4u

6 

sin26cos6 + ----- 2 3 
(3u w - w ) -

2 . e U WSl.n 

453 
e 2u

3 
e 

1 w2 2 
+ --cos e 

2 -2 
ue 
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sin28sin8 2 3 2 

l uw cos8 ..•• (A6. 5 + -3 (3uw - u ) -
408 2u3 

8 

[1- uwsin28 2 1 2 2 - 1 u . 28 w 0 "' o8 + -- s1n +- cos 8 8eff. -2 2 -2 2 -2 
208 o8 o8 

4 2 4 4 2 4 
u (3cos 8 -2~cos 8 -~) + w (3sin 8 -2~sin 8 -~) 

3 3 2 2 + 3sin28 (u w + uw ) + 2 u w 

- o8. 2 2 . 8 + o
8

sin28cos8(3 2 w3) U WS1n u w -

- 2 
u8sin28sin8(3 2 3 ] l - o8. 2uw cos8 + uw - u .•••• (A6. 6) 

When 8 = o, this becomes: 

--2 1 4 2 2 2 
08eff 

0 (1 + ~ w w u w - ~ ~) "' + ---=4 -2 8 -4 -3 0 0 20 0 
.... (A6. 7 

2 -uw - -
Assuming again that u' = 2w' and u = 0 . 3 , values of o8eff;o8 estim-

ated from equation A6.6 are tabulated in Table A6.2: 
TABLE A6.2 

Ratio Flow Inclination 8 

0
8ef/08 00 00 terms up to 25° 25° terms up to 

2nd order 2nd order 

.j.J :>! 
!=: .j.J 0.2 
()) ·rl 

1.005 1.005 1.013 1.012 
..-l Ul 

0.4 ::l !=: 
.Q Q) 

1.020 1.025 1.058 1.049 
I-I +J 
::l !=: 0.6 1.050 
8 H 

1.045 1.16 1.11 

0.7 1.075 1.06 1.24 1.15 
~ I <D 
::l I::> 

In Table A6.2 it is seen that at any particular turbulent intensity 

the error on u8 is approximately doubled when 8 increases from 0° to 25° 

and only 2nd order terms are considered. Including terms up to 4th order 

causes an approximate tripling of the error when 8 increases from 0° to 25°. 

The effect of including the higher order terms becomes more important 

as u•;o8 increases and as 8 increases. For instance, at u•;u8 = 0.2, 



including terms up to 4th order makes no difference to u
6
eff;u6 at e = 0°, 

but increases the error on ue by 8% ate= 25°. And at u'/Ue= 0.7 the 

error on ue is increased by 25% ate= 0° but by 60% ate= 25°. 

In making the test calculations it was found that the major effect 

came from the terms of type 

3 3 2 2 and that terms in u , w , u w and uw 

had a net effect of applying a small negative ~rection to an otherwise 
3 3 positive error term. The effect of terms in u w and uw was very small. 

The effect of the -uw term became increasingly important as 8 increased. 

In the case tested, it appeared that the effect of higher order terms in 

Eqn. A6.4 was to cause a small increase in the error on U when 8 was 
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small, but a greater increase in the error on U when 8 and u•;u
8 

were large. 

It also appeared that the effect of successive higher order terms was to 

cause a rapidly decreasing increment to the error term, E, in Equation 

A6.4, so that the approximations in Table A6.2 should be a fair indication 

of the likely magnitude of errors in 5
6 

due to high turbulent intensity and 

inclination of the flow to the horizontal. 

With due regard to the very approximate nature of the above evaluation 

of the effect of higher order terms of Eqn A6.4 on the error in the indicated 

mean velocity from the hot wire, it appears that at turbulent intensities 

less than 0.5, the error in 5
8 

should be less than 5% except where the flow 

is inclined to the horizontal by more than N20°. Errors of 10- 20% could 

be expected at turbulent intensities of about 0.7. An accurate analysis of 
m n 

the error problem requires measurement of all u. u, correlations in the 
J. J 

flow concerned for correlations up to at least 4th order. 

A more reliable means for calibrating hot wire anemometers is required 

for flows of high turbulent intensities. One method (Perry and Morrison 

1971) is to oscillate the probe in the uniform wind tunnel flow using a scotch 

yoke mechanism, artificially creating a u component turbulence. Discrete 

frequencies, or a typical turbulent flow distribution of frequencies could 

be used in the mechanical vibration, and the magnitude of the intensity 

could be altered by varying tunnel wind speed and RMS amplitude of oscillat-

ion of the probe. The RMS velocity fluctuation and mean velocity indicated 

by the probe could be compared with the known mechanical oscillation and mean 

flow speed. 
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The conclusion of the error analysis for the indicated mean velocity 

from the hot wire anemometer is that usually made, i.e. the hot wire reading 

at high turbulent intensities is uncertain. It was decided to record the 

indicated velocities as read, keeping in mind that a serious overestimation 

was possible at high turbulent intensities or where the flow was steeply in-

clined to the horizontal at high turbulent intensity. Mean velocity read-

ings where u 1 /U6 ~ 0.4 should be accurate to within less than 5% in the flow 

downstream from a fence, and to within 3% in a rough wall boundary layer where 
the mean flow is horizontal. 

Accuracy of Turbulent Intensity Readings: 

For the turbulent velocity fluctuations consider Eqn A6.2a. Extracting 

the fluctuating velocity component, 

2 -2 
= ueeff - ueeff 

Including terms only up to 2nd order: 

2 w2 
(cos e + -z 

u 

. 26 uw sJ.n + 
2 

u 

sin26 ) •••• (A6.8) 

With U 1 > W1 and uw < 0 in the boundary layer, it is found that: 

[
u

1

] U

1 

- <-

0e eff ue 

- 2 e.g. with u 1 = 2 W1
, and -uw = 0.3u , 

At e = 50 u 1 /U = 1.03 (u I /Ue) eff. , e 

e = 10°, u 1 /U = 1.055 (u 
1 /Ue) eff. e 

e = 25°, u 1 /U 1.25 (u I /Ue) eff. e 

Thus the hot wire anemometer will, as expected when w1 < u 1
, underestimate 

the true turbulent intensity in the inclined flow. Even when W1 = u 1
, 

underestimation will occur if uw is finite and e > 0. Equation A6.8 serves 

only to show the trend as e increases, i.e. greater inclination of the 

flow causes underestimation of the u component intensity but a correct 

estimate of the intensity of the turbulence component (ucose + wsin6) in the 

true mean flow direction. 

Equation A6.8 is unsatisfactory at high turbulent intensities where 

the higher order correlations once again introduce error. Having establish-

ed, above, the effect of flow~nclination, the unwieldy expansion of Equat

ions A6.5 and A6.6 to obtain u~eff can be avoided, and taking e = 0, expan

sions of Equations A6.2 and A6.7 (including terms only up to 4th order) are 

taken: 
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2 2 -
ueff u [1 + .£.._+ 

-2 
~+ 
-2 2uuf •••• (A6.2) 

-
ueff = 

2 
Now u eff 

Excluding termsl 

> 4th Order J 

2 
u eff 

2 
u 

u 

u t+ ~ 
2 

= U eff 

u 
2 4 2 2 u w 1 w w --+ ----2 8 -4 -4 u u 

-2 
- u eff. 

2 
+ .£.._ + 

-2 u 

2 
w 

+ -2 
u 

2U 

2 2 
u w 

-2 2 u u 

+ 

2 

J ~ 
uw 

•••• (A6. 7' -3 
u 

2 l uw 

U u2 
•••• (A6. 9) 

In evaluating this expression the problem of higher order correlations again 

arises. Consider first the simpler case of isotropic turbulence, where 

2 
0 uw = 

2 
2 2 (u2) u w = 

2 
4 3 ( w2 ) and 

2 2 
w = w = u 

Equation A6.9 becomes 
2 2 

(1 - ~ 
U2,) u = u eff -2 
u 

Whence at u' 
0.2, [~tf· 0.99 

u' = - -u u 

u' and at 0.87 
u' 

-u u 

Equation A6.9 therefore predicts that in isotropic turbulence the linearised 

constant temperature anemometer will increasingly underestimate the turbulent 

intensity as the 

but neglects the 

anemometer would 

intensity increases. Bradshaw (1971) uses Equation A6.9 
2 2 

u w term -
2 
__ , so that Eqn A6.9 then predicts that the 

- 2 
U U I 

overestimate ~ in isotropic turbulence. 
u 

If now, for the non-isotropic boundary layer case, the same assumptions 

are made in regard to u2w2 , w4, uw2 as were made in estimating errors on .U 
- 2 at high intensity (see p.493), it is found that with u' = 2w', -uw = 0.3 u 

and z/8 = 0.3, Equation A6.9 becomes: 



2 ...., 
u eff-

whence at u' 
-= -u 

and at u' 
= -u 

2 
u 

4u2 + 0.082 

D.2·I~t = 1.0077 u' 

u 

0.7, [uJ u' U eff = 0. 95 U 
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u' 
-u 

Thus as turbulent intensity increases, a very slight overestimation at low 

turbulent intensity becomes an increasing underestimation. These calcul-

ations can be considered only as an indication of the real trends, as the 

result is very dependent on the magnitude of u2w2 • Rose (1962) derived an 

equation similar to Equation A6.9 for a linearised constant temperature 

anemometer. h t . 2 2 1 d b . 1 . h . T e erm 1n u w was neg ecte , ut a term 1nvo v1ng t e a1r 

stream temperature and a temperature sensitivity coefficient was included to 

allow for changes in sensitivity to the air stream temperature at low speed 

(less than 3m/sec). 

Bradshaw (1971) gives an approximation to Equation A6.9 for a turbulent 

boundary layer, in the form: 

[~J.ff = ~ 
Assuming again that 

at 
u' 

u 

u' 
and at -u 

1 + 

z/o = 

0.2, 

2 
w 

-Fi U /u~ 

0.3 and 

[~J.ff 
u' = 2w', 

1.004 
u' 

= -u 

= 0 • 7 1 [u_' J = 0 • 99 U I 

U eff u 

it is found that 

As in the calcuiaticn above, this predicts a small overestimation at low turb-

ulent intensity, becoming a small underestimation at high intensity. Brad
u' shaw notes, however, that the result is of uncertain accuracy for _ > 0.3. 
u 

Referring now to Hinze's (1959) equations for turbulent intensity 

readings in the case of a constant current anemometer (non-linearised) , two 

special cases are shown below: 

(a) For one-dimensional turbulence: 
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[~eff 
2 [1 + 

27 ~: l u 
= -2 8 u 

•••• (A6.10) 

(b) For isotropic turbulence: 

[~eff 
2 

[1 19 ~~ l u 
= -2 + 

u 8 
•••• (A6.11) 

If the error terms in Equations A6.10 and A6.11 are reduced by a factor of 

approximately 9 in the constant temperature linearised hot wire anemometer, 

it is found that: 

..•• (A6 .lOa) One dimensional [u_'] 
u eff 

Isotropic [u_' J 
U eff 

u' 
= •••• (A6.lla) 

u 

Terms of higher than second order were neglected in the derivation of Eqn. 

A6.10a. In contrast to Eqn A6.9, Equations A6.10a and A6.lla increasingly 

overestimate the turbulent intensity as the intensity increases. This 

2 2 
would only occur in Equation A6.9 if the 4th order u w term were neglected. 

Taking the worst case, one-dimensional turbulence, Eqn A6.10a predicts as 

follows : 

at 
u' 

0.2, [~J.ff 1.0075 
u' 

= = - -u u 

and at 
u! 

0.7, [~J.ff 1.136 u' 
= = - -u u 

The above analyses apply to boundary layer situations different from 

the flow immediately downstream from a fence. However, it was considered 

that orders of magnitude of the various terms of Eqn A6.9 would be the same 

in the fence leeward flow and in a rough wall turbulent boundary layer. The 

very approximate analysis carried out shows that all the expressions examined 
u' u' or derived predict that at -- = 0.2, the error in ~ will be an over-
U U 

estimation of less than 1%. At higher intensities, expressions based on 
u' a constant temperature anemometer predict that -- will tend to be under-

u' estimated, by an amount as large as 13% at --
U 

U 
= 0.7, depending on the degree 

of isotropy in the turbulence. Hinze's analysis, based on a constant current 

anemometer, predicts overestimation of the turbulent intensity at high 

intensity by a similar amount. 
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In conclusion, it was decided on the basis of calculations using 
u' Equations A6.9 and A6.10a that the error in-- read out by the anemometer 

at different intensities would be approximate~y as follows : 

at u' 
= 0.2, the error less than 1% -u 

at u' = 0.4, the error less than 4% -u 

at u' 
- = 0.7, the error about 15%, possibly much less. 
u 

The sign of the error is uncertain. If the constant temperature analysis 

is relied on, the indicated intensity will be an underestimation of the true 

value at high intensities. The effect of inclination of the mean flow 
u' to the probe will be to cause an underestimation of -u 

Pending the availability of accurate correction factors for the hot 

wire anemometer readings at turbulent intensities higher than about 0.4, 

it was decided to plot turbulent intensity data as recorded from the instru-

ments, noting the uncertainty on measurements at high intensities. This 

problem was present only with the very high turbulence levels in the region 

close behind model shelter fences tested and did not affect the boundary 

layer modelling work. Even in the event of errors being present, they 

should be systematic, so that regions where the apparent turbulent intensity 

is 0.7 are more highly turbulent than regions where the apparent intensity 

is, say, 0. 6. 

A6.7 Use of the DISA 55A32 X Probe for Measurement of u, v, and 

w Velocity Components and -puw Reynolds Stress. 

The DISA 55A32 X probe was mounted in the flow as shown in Fig. A6.2. 

The equipment connection diagram for use of the X probe is also shown in 

Fig. A6.2. The signal obtained from the probe will be examined first and 

then sources of error considered. 

A6.7.1 The X Probe Signal: 

Fig. A6.2 shows the probe situated in a flow with mean velocity U and 

fluctuating velocity components u, v, and w. The wires are assumed 

to respond only to the magnitude of the normal component of velocity, and 

the anemometer output voltages are linearised. 
ages are:

Wire 1: E1 = k1 ( U<u + u)sin~ 1 + wcos~ 1 ] 2 

~ k1 [<u + u) sin~ 1 + wcos~ 1 ] 

The lineariser output volt-

+ v 
2)!:! 
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Anemometer 

55001 Auxiliary Analogue 
Unit Correlator 

Signal1 55010 E 55025 
<X(u+w) 55070 

Lineariser 

ocuw 

55071 55A32 E2 Dual Summing 
X -Probe -E2 

Unit 
55010 55025 

E2 inverted in 
Signal 2 55025 
oc(u -w) 

55001 
Auxiliary C=2k 3 when ¢, = ¢2 = 450 

Unit 

Anemometer 

Fig.A6·2 EQUIPMENT CONNECTION FOR MEASUREMENT OF 

REYNOLDS STRESS. 

lr: 
Wire 1 

FLOW 

~ ( 0 u 

Wire 2 

Fig. A6·2 ORIENTATION OF 55A32 PROBE TO MEASURE. 

u I w I AND - crw. 
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-
(k1sin~ 1 ) U + k1 (usin~ 1 + wcos~ 1 ) ..•. (A6.12) 

Similarly for Wire 2: 

= ...• (A6.13) 

where k1 and k2 are the calibration constants of the wires with respect to 

the normal velocity component. The voltages proportional to U are: 

- -
El = (k 1sin~ 1 ) u 

- -and E2 = (k2sin~ 2 ) u 

so that k1sin~ 1 and k2sin~ 2 are simply the calibration constants of the 

two wires obtained in a calibration of these wires when u, v, w are 

equal to zero, or when the a.c. component of the signal is removed. 

Subracting Equation A6.13 from Equation A6.12 

(El - E2) + (el - e2) 

= U (k1sin~ 1 - k2sin~ 2 ) 

+ u (k1sin~ 1 - k2 sin~ 2 ) 

+ w (k1cos~ 1 + k2cos~ 2 ) 

Now, in calibration, lineariser gain was adjusted so that 

= = 

= = 

.... (A6 .14) 

With the DISA equipment the fluctuating signals E1 and E2 are fed to the 

55D71 Double Summing Unit, which is a.c. coupled, thus excluding E1 and E2 , 

and has a gain of 0.33. 

Equation A6.14 becomes: 

= 

= 

= 

{u(k1sin~ 1 + k2 sin~ 2 ) + w (k1cos~ 1 - k2cos~ 2 )} 

2k3 .u + k 3 w(cot~ 1 - cot~ 2 ) 

.•.. (A6.15) 

•... (A6.16) 

Feeding the signals 0.33 (e1 + e 2) and 0.33 (e1 - e 2) into the 

analogue correlator: 

(e1 + e 2) (e1 - e 2) = k~ [2u + w(cot~ 1 - cot~ 2 ) J [ w(cot<!> 1 + cot~ 2 )] 

·- k; [2uw(cot~ 1 + cot~ 2 )+ w2 (cot2~ 1 - cot 2~ 2 >] ..... (A6.17) 
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With the DISA equipment, ~l = ~ 2 = 45°, nominally, so that in the 

absence of errors, 

(e - e2) = 2k3w .... (A6 .18) 1 

(el + e2) = 2k3u •.•• (A6.19) 

4k
2 

(el + e2) (el - e2) = uw .... (A6.20) 
3 

and, accounting for the gain of the D.S.U. and with k3 set at 0.1, the 

following relations were used : 

E = 0.066 w 
D.s.u. (e

1 
- e

2
) 

0.066 u 

0.00436 uw 

A6.7.2 Estimation of Probe Orientation Errors: 

Consider errors in orientation of the X probe wires 1 and 2 through 

(a) inclination of the flow to the probe axis (and in the plane 

parallel to the wires); 

(b) inclination of the wires to the probe axis by an angle different 
0 from 45 ; 

FIG. A6.3 

(a) Consider the probe~ which has ~l = ~ 2 = ~, with the mean flow inclined 

to the axis of the probe by angle o. 

We now have 

~1 = ~ - 0 

~ = ~ + 0 
2 

Equation A6.15 becomes: 

= 

= 

k3w(cot (~ - o) + cot(~ + o) ) 

2k3 w sin 2~ 

cos2o - cos2~ 

...• (A6.21) 
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Equation A6.16 becomes: 

= 

= 
2k3w sin2o 

2k3u + cos2o - cos2~ •••. (A6. 22) 

and if o were negative, so that the mean flow were more normal to Wire 

1, the sign of the error term would change, because sin2o becomes negative. 

With 5 positive, Equation A6.17 becomes: 

= k2 [4uw sin2 ~ 
3 cos2o-cos2~ 

+ 4w
2 sin2osin2~] 

(cos2o-cos2~) 2 
••.• (A6.23) 

Again, if 8 were negative, the sign of the second term would change 

because sin2S becomes ~egative. 

0 
With ~ = 45 , these expressions become: 

•••. (A6. 21) 

•••. (A6.22) 

••.. (A6.23) 

With u and w negatively correlated in the boundary layer, Wire 2 will 

carry the larger signal, so that e 2 
I > el 

I The effect of a positive . 
angle 0 is to decrease both el 

I and e2 
I while negative 0 increases I 

both e1 
I and e2 I Positive 8 tends to increase the magnitude of wl' . 

-decrease the magnitude of ul and uw, while negative 0 increases the 

magnitude of u 1
, W 1 and uw. 

Similar arguments may be applied to the use of the 55A32 X probe in 

the u-v plane. 

To give an indication of likely errors, values of errors ir:(e1 - e 2) 1
, 

(e1 + e 2) 1
, (e1 + e 2) (e1 - e 2) are shown in Table A6.3 for several values 

of o. In calculating these, it was assumed: 

lw21 (i) = 1.69 lml'l 
(using w1 /u* = 1.3, Teunissen, 1970). 

In fact in the middle region of the boundary layer of Layout 

14, w2/-uw ~ 1, so that the above is conservative. 

but 
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1 ~1 ~- wl 
u U 1 very approximately. 

lwl luw21 ~-1-zuwl· More realistic might be - = 
u u u 

In fact, looking at the results for Layout 14, both these crude 

estimates give/(~)~!:" } close to the surface, decreasing to ~ at 

about the top of the constant stress layer. Conservatively 

le~( ~)/ = 0. 5. 

These approximations give: 

(e - e ) 1 

1 2 

(el + e2) I e:: 

= 

2k U 1 

3 

2k u 1 

3 

(1 + [~) tan2o) 

* (1 -~tan2o) (*with u 

negatively c crrelated) 

* uw.sec2o(l- 1.69tan2o) 

: ••• (A6.2la) 

and w 

•.•• (A6. 22a) 

•.•• (A6. 23a) 

From Table A6.3 it can be seen that while errors in U 1 and W1 are 

fairly small for lol < 1°, i.e. < 2%, errors in uw grow rapidly, such 

that a 1° inclination of the probe axis to the flow causes a 6% error. 

(Table A6.3 is shown on the following page) 



TABLE A6.3 

Errors in Cross-wire (X) Probe Signal through inclination of the 

flow .to the x axis ~l =~ 2 = 45°. 

-Angle Fractional errors in U I r wl' uw % 

0 
lm 1 !':,wl /',uw Degrees u.::::: -~tan28 --= sec2o-l -=::::: sec2o (l-1.69tan2o) -1 wl 

uw 

+10 - 18.2 + 6.42 -59.0 (-32.3) 

+7 - 12.5 + 3.06 -40.4 

+5 - 8.8 + 1.54 -28.72 

+4 - 7.0 + 0.98 -23.0 (-13.2) 

+3 - 5.3 + 0.55 -17.3 

+2 - 3.5 + 0.24 -11.6 

+1 - 1.8 + 0.06 -5.8 (-3.4) 

+0.5 - 0.9 + 0.02 -2.9 (-1. 73) 

-0.5 + 0.9 + 0.02 +3.0 (+1. 76) 

-1 + 1.8 + 0.06 +6.0 (+3.6) 

-2 + 3.5 + 0.24 +12.1 

-3 + 5.3 + 0.55 +18.4 

-4 + 7.0 + 0.98 +25.0 (+15.2) 

-5 + 8.8 + 1.54 +31.8 

-7 + 12.5 + 3.06 +46.5 

-10 + 18.2 + 6.42 +71.9 (+45.2) 

Negative error above indicates a low reading of the magnitude 

Positive 11 11 11 
_" high II " " II 

/',uw 2 
--- values in brackets are for w = 1. 
uw -uw 

(b) Consider briefly the effect of an error in ~' so that 

'. 

4l 1 = ~2 ~ ~ rwhere $ is the nominal wire inclination, i.e. 

45° for the DISA probes. Assume the flow is along the probe 

axis. 

EtireE J 0 ... 
Wire 1 
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In Table A6.4 values of fractional errors in the values of u', 

v', and w' are shown computed using Equations~6.15, A6.16, A6.17 and 

w2 
the same assumptions as in (a) regardingr~Jand 

-uw 

on 

TABLE A6.4 

Errors in Cross-wire (X) Probe Signal through Inclination 

of the probe wires by angles other than 45°. 

-Angle ~ 1 , Fractional Errors in u', w'' uw % -flu' L'.w' t.uw 
~2 Degrees -- W' --u' -uw 

40 0 + 19.18 + 19.18 

41 0 + 15.04 + 15.04 

42 0 + 11.06 + 11.06 

43 0 + 7.24 + 7.24 

44 0 + 3.55 + 3.55 

45 0 0 0 

46 0 - 3.43 - 3.43 

47 0 - 6.75 - 6.75 

48 0 - 9.96 - 9.96 

49 0 - 13.07 - 13.07 

50 0 - 16.09 - 16.09 

It can be seen that errors in the wire setting angles cause no error 

u' (unless ~1 + ~2 - see Table A6.3), but errors in w' and uw are 

quite significant, a 10 error in angle with ~ 1 = ~2 causing a 3~% error in 

w' and uw. 

Below, actual errors in use are considered with due regard for the 

calculated errors above. 

A6.7.3 Errors in the Use of the DISA 55A32 X Probe: 

(a) Probe Size vs Turbulence Scale: With a length scale of 

turbulence in the boundary layer of ~30 em, the probe body, 

diameter 0.7 em, was considered small enough to cause no 

significant disturbance to the flow. 

(b) Orientation of the Probe Axis to the Mean Flow: With the 

mean flow parallel to the axis of the wind tunnel, i.e. in 

the x direction, the only source of orientation error, assum
o 

ing ~l = ~ 2 = 45 , was that due to slack in the location of the 



horizontal arm of the vertical traverser, as shown in Fig. 

A6.4. This slack was due to lack of restriction against 

rotation of the bar about an axis perpendicular to the bar 

and parallel to the y direction, and will be eliminated 

when the new chain-driven vertical traverser is fitted. 

The error due to this slackness was minimised by traversing 

in only one direction and setting the probe horizontal for 
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this direction. (Traversing was done from the floor upward) . 

It was considered that this kept the inclination of the 

probe to the horizontal to within ±20 minutes of arc. 

(c) Initial Calibration Errors Caused by Mean Flow Swirl: 

When the honeycombs were removed in order to fit the flow deflect

or vanes and coarse turbulence generating grid upstream of the work

ing section, residual mean flow swirl from the fans appeared in 

the working section under part load operating conditions. This 

swirl led to X probe calibration errors during early use of this 

probe. 

Before finding the presence of mean flow swirl, calibration pract

ice had been to fix the probe at one height and run the tunnel 

at a range of flow speeds, adjusting lineariser gain and exponent 

m, so that finally 

k1 sin~ 1 = k2 sin~ 2 = 0.1 at all speeds (ft/sec.) 

This led to errors as follows: 

The mean flow swirl in the working section with the fans at equal 

blade pitch settings and coarsest pitch was approximately zero, 

and always less than 1° right hand helix. At finest pitch and 

equal pitch settings however, the fans left about 4° of right 

hand helix swirl in the flow. With increasing tunnel speed this 

swirl would decrease to less than 1°. With a probe mounted at 
0 825, the 4 swirl in the mean flow at lowest speed caused an effect-

ive inclination of the probe to the flow of 40' so that in Fig. 

A6. 3, 8 
0 making ~ = 49°, ~2 = 410 I assuming ~ 45° init-=-4 I = 1 

ially. This made E\ read high and E2 read low (assuming E1 
= E 2 

and m1 = m2 at zero swirl full spemoperating conditions). Before 

recognition of the swirl problem, m2 was adjusted low, m1 adjusted 

high, and the gain on both linearisers adjusted so that E1 = E2 
= O.lu at all flow speeds. 

When a traverse from floor to roof of the working section was now 

done at full speed (zero swirl), E2 tended to read high near the 



New vertical traverser, with location 

against the rotational slack shown below. 

Vertical Stanchion 
of Traverser 

Horizontal Bar 

Rotational 
Slack 

Probe 

Fig. A6 ·4 SLACK IN LOCATION OF TRAVERSER ARM. 

509 . 
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floor and low near the roof. The nett effect was roughly equival

ent to introducing a left hand helix swirl of 4° into the flow. From 
0 

table A6.3 it is seen that with 8 = +4 , and u and w negatively 

correlated, u 1 should have read about 7% low, w1 about l% high 

and luwl about 23% high near the floor. Approximate recalibration 

with each wire in turn normal to the flow showed that the error on 

luwl was in fact an almost 60% underestimation, so that some other 

source of error was seen to be present. 

el -
A check on the ratio - as m was increased, with E held constant, -E indicated another error source. It was found that 

d(~l) dm el 
km = or = 

[~'] 
.••• (A6.24) 

m 
E 

(k = constant) 
I 

i.e. ~ increased in proportion to the increase in lineariser expon-
E 

ent. In the above case this had the effect of making e
2

1 less than 

e I since m2 was too low, and el 
I greater than e I since 

2 true 1 true 

ml was too high. The nett effect of these errors was found to be 

less than 5% on ul and wl, but made 1~1 low by about 60%. With 

the X probe mounted at N25, the false calibration resulted in m1 
low and m2 high, so that the nett effect of the errors was to make 

luwl high. 

These problems showed up the necessity for : 

(i) X probe calibration in uniform, swirl-free flow. This had 

been appreciated from the outset, but the residual swirl in 

the working section had not. 

(ii) Absolutely correct selection of lineariser exponent m with 

all probe types, e.g. a selection of lineariser exponent 2.15 

when the correct value is 2.25 would give a u 1 /U value 5% low. 

With recognition of sources of error in calibration of the X probe, 

future calibration was carried out by traversing the boundary layer 

at maximum free stream speed when swirl was negligible. With this 

technique, low speeds were obtained near the floor. More accurate 

calibration was also carried out by mounting the probe in the 

uniform flow in the aeronautical tunnel working section. This 

was the most satisfactory method. Once the correct lineariser 

exponents were obtained (m ~ 2.20), day-to-day checks merely in

volved horizontal setting of the probe axis and adjustment of the 



-lineariser gain so that E
1 

-= E
2 

= 0.1 U 
ref. 
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With correct calibration procedure, close agreement was obtained 

between u' values measured with the X probe and with the single 

wire 55F31 probes. Allowing for the following residual sources 

of error, 

(1) Inclination of the probe axis to the flow due to slack in 

location of the horizontal traverser arm. 

(2) 
0 

Inclination of probe wires slightly different from 45 , 

(i.e. manufacturing error) in the correctly oriented probe. 

(3) Readable accuracy of the instruments. 

It was estimated that uncertainties in u', v', w' and -uw 

were as follows when using the X probe 

Uncertainty in u' = ± 2% 

" " v' ± 3% 

" " w' = ± 3% 

" " -uw ± 6% 

A6.8 Readable Accuracy of Instruments. 

A6.8.1 Mean Velocity - 55D30 DC Voltmeter: 

Because of velocity fluctuations generated by the turbulent bound

ary layer generating apparatus and by the wind tunnel fans,mean velocity 

readings from the DISA DC voltmeter (and those derived from the Schiltknecht 

micromanometer) could only be judged to within ±1%. 

With the fence modelling work, the more violent velocity fluctuations 

reduced this accuracy to ±2% on mean velocity readings. 

A6.8.2 Velocity Fluctuations - 55D35 RMS Voltmeter: 

The RMS voltmeter was generally used with a 10 second averaging 

time, giving sensitivity to frequencies as low as~0.2 Hz, and on occasions 

with a 30 second averaging time. A certain amount of variability in the RMS 

meter reading remained, however, due to the low frequency statistical var-

iations in the turbulent structure of the flow. This restricted readable 

accuracy to ±2% although it was normal to better this slightly by making long 

visual observation of the meter before recording the reading. 

A6.8.3 Bruel & Kjaer 2114 Spectra Analyser Chart Record: 

The energy spectra from the Bruel & Kjaer 2114 1/3 octave band

width Spectrometer were recorded on a B. and K. 2305 pen recorder. As seen 
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in Fig. 6.52, the readable accuracy is affected by the amount of fluctuation 

in the signal fed to the pen drive. With the recorder operating in the D.C. 

mode, the amount of fluctuation in the ink trace record was dictated by the 

averaging time used on the 2114 spectrometer. This averaging time depended 

on the centre frequency of the band being analysed, and to a certain extent 

on the patience of the operator. With many spectra to be measured, the 

following minimum acceptable averaging times were selected in the present work: 

2 - 5 Hz : 

5 - 20 Hz: 

20 - 200 Hz: 

200 - 10000 Hz: 

T = 10 sec 

T = 3 .:sec 

T = 1 sec 

T - 0.3 sec. 

These relatively short averaging times were satisfactory where the spectral 

peak and spectrum curve shape were clearly defined, but where the spectral 

peak was flat or occurred at low frequency, the averaging times chosen for 

the range 0 - 20 Hz were seen in retrospect to be too short for accurate 

estimation of turbulent length scale from the spectral peak. ' t I It 1.s sugges -

ed that in future, where length scale determinations are required from the 

spectra, the averaging time be selected using 

T = 1000/n sec. where n is the lowest frequency of interest 

(with due regard to the maximum T of 100 sec 

on the 2114 Spectrometer) • 

Improved accuracy in the spectral measurements should be obtained when the 

hot wire anemometer signals are processed on the HP 2100-A computer. 

With the spectra measured, the accuracy on S(n) was generally: 

t,ns(n) 
nS (n) 

in the region of the peak. 

= ± 10% 

With averaging time, T, increased by a factor of 3, this would be 

improved to 
t,ns(n) 

nS (n) 
± 5% 

The thickness of the penned line prevents accuracy much better than this even 

with longer averaging times. 

With flat peaked spectra, the spectral peak location was uncertain 

within ± 2 bandwidths of the 1/3 octave bandwidth analyser. If T were 

increased by a factor of 3 to 10, this uncertainty should be reduced to 

±1 1/3 octave bandwidth. 
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A6.8.4 The DISA 55D70 Analogue Correlator: 

With this instrument calibration checks were regularly required, 

as a small change in the level of the input signals affected the correlation 

coefficient noticeably. With large time delays in auto-correlation or 

large separations in cross-correlation, large reading uncertainties were 

present even with the maximum integrating time of 100 sec, because of wander 

of the meter reading. Reading of the correlation coefficient directly off 

the Correlation meter was accurate to within ± 2% at p = 0.8, this uncertain

ty increasing to ± 20% at p = 0.15, and up to ± 100% at p = 0.02. 

Greater accuracy should be available when signals are processed on 

the HP 2100-A computer, to which the signal is D.C. coupled and which will 

be able to handle auto-correlation time delays >> 100 msec. 



APPENDIX 7 

ESTIMATION OF THE LINEAR SCALE OF THE SIMULATED ATMOSPHERIC 

BOUNDARY LAYER 

A7.1 Comparison of Boundary Layer Depths: 

Criterion: 
d 

m 
d 

a 
= 

0 
m 

r 
a 
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•••• (A 7 .1) 

This method is frequently used to determine the linear scaling of a simulat

ion. It is approximate and tends to be unrealistic in simulations where 

pure boundary layer growth is not used, because the turbulence structure 

may be characteristic of 3caling< < o I o , e.g. see Table 4. 2, which for the 
m a 

grid simulation of a 1/7 power law profile boundary layer, shows a scaling 

of 1:325 based on boundary layer depth, but scaling between 1:650 and 1:5400 

based on comparison of length scales of turbulence in the boundary layer. 

A7.2 Comparison of Turbulent Intensity Profiles: 

Criterion [~~l = (~~1 
z 

at same 8 in model and full scale 
flow ••. ~ (A7.2) 

Here sample from field tests, or standard models such as those of 

ESDU (1972) are plotted so that the chosen linear scale gives the best possible 

fit with the wind tunnel data. This method is a little more realistic than 

A7.1 where the turbulence structure is important, but like A7.1 tends to 

estimate larger linear scaling than that obtained by comparison of turbulent 

length scales between wind tunnel and atmosphere, particularly in a boundary 

layer grown over a very short distance. 

A7.3 Comparison of Roughness Lengths: 

Criterion 
d 

m 

d 
a 

= •••• (A 7 • 3) 

This criterion is in fact Jensen's (1958) model law, and is realistic, 

but only when a long enough fetch of surface roughness is present to generate 

an approximately equilibrium flow, so that the velocity gradient near the 

surface is characteristic of the surface roughness and gives by extrapolation 

a correct estimate of z • 
0 

In A7.1 and A7.3
1
Fig. 2.7 is used to obtain 

values of o and z for a given mean velocity profile. 
a Oa 



A7.4 Comparison of Turbulent Length Scales: 

Criterion 
d 

m 
d 

a 

L 

= 
L 

u 
xm 

u xa 
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•••• (A 7. 4) 

This criterion for estimating linear scaling is probably the most real

istic in that it relates the gust size in the atmosphere and in the tunnel, 

to the respective structure size. It follows, like Eqn A7.3, from the 

modelling criteria of Chapter 3. It was required that: 

r.:x] = [Lz~] 
m a 

Hence from Equation A7.3, Equation A7.4 follows, 

L 
u xm 

L 
u xa 

z 
om 

z 
oa 

d 
m 

d a 

While z may not be measured very accurately in the non-equilibrium flow of 
0 

an accelerated growth boundary layer, L may, and therefore can be used to 
u 

give a reliable estimate of d :d • 
m a 

X 

In practice, use of Eqn A7.4 is complicated by the fact that different 

methods for estimating L in the atmosphere, lead to different estimates 
u 

X of d :d , e.g. as shown by Table 6.9. m a 

In 2.5.9, expressions for the variation in streamwise turbulent length 

scale, L with 
u 

height in the atmosphere.were given. The first two of these 
X 

were: 

L = 101. [::0] m. 
u 

X 

.••• (2.60) 

L = 151. [::J m. u 
X 

•••• ( 2. 61) 

These expressions were derived by matching the Davenport (1961) and Harris 

(1968) spectra, Equations 2.45 and 2.47 respectively, to the wind tunnel 

spectrum. Spectral peaks are matched and Eqn 2.57 then used to obtain the 

expressions in Eqns 2.60 and 2.61 above. Note, in Eqn 2.61 that the Harris 

spectrum-based expression for L 
u 

leads to the prediction of greater turbulent 
X 

length scale in the atmosphere, due to the use of the longer spectrum scaling 

length L = 1800m. This was covered in 2.5.9. 

The third model for variation of atmospheric turbulent length scale 
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with height is Eqn 2.63, given by Teunissen (1970). 

L 
u 

X 

~ 
= 11.04 z m ••.• (2.63) 

This equation was shown by Teunissen to fit atmospheric data well. As 

shown by Fig.6.51 the length scale predicted by equations 2.60 and 2.63 is 

very similar at about 2/3 the boundary layer depth above the ground, but the 

much smaller length scale predicted by Eqn 2.63 close to the ground, leads 

to much larger linear scale estimates when this equation is used in Eqn A7.4. 

Since a wide range of L values occur in different measurements over similar 
ux 

surfaces, it was decided to calculate d :d on the basis of all of equations 
m a 

2.60, 2.61 and 2.63, recognising that Eqn 2.61 tends to lead to overestimation 

of d :d compared with Equations 2.60 and 2.63. The true value of the linear m a 
scaling in each case probably lies in the range bounded by the extreme d :d m a 
values given by Eqns 2.60 and 2.63. 

The linear scale for the simulation is calculated as follows 

(a) Using Eqn 2.60 and 2.61: 

(i) 

(ii) 

(iii) 

(iv) 

(v) 

(vi) 

(vii) 

Calculate L 
uxtunnel 

L = 
u 

X 

0.146 
k 

p 

-

= L by either 
u xm 

(assuming Eqn 2.57 holds) 

or L 
u 

X 

UTE from correlation curves 

Estimate 
d 
m 

d 
a 

d. 
m 

Calculate z
10 

in tunnel = 10.~ m. 
a 

Using mean velocity profile and knowing tunnel measurement 

height z, and tunnel 10 m scale height z
10

, calculate 

u 
z 

Calculate L 

Calculate 

u xa 

L 
u xm 

L 
u xa 

101. 

-u 
z 

or L 
u xa 

151. 

d 
m 

This should equal d 
a 

-u 
z 

d 
m 

If the value of ~ calculated in (vi) using Eqn A7.4 does 
d 

m 
in (ii), a new value ford 

a 
not agree with that estimated 

a 



517. 

based on (vi) is estimated and the process repeated until 

d /d converges to a value satisfying Eqn. A7.4. The 
m a 

correction to d /d must be chosen so that the value of d /d m a m a 
does not diverge. 

evident rapidly. 

Divergent corrections to d /d become m a 

(b) Using Equation 2.63: 

(i) 

(ii) 

(iii) 

(iv) 

(v) 

Calculate L 
u 

xm 

Estimate d /d . 
m a 

Calculate z 

Calculate L 

L 

Calculate 
L 

a 

u xa 

u 
xm 

u xa 

as 

= 

(vi) As in (vii)in (a) 

in (a) • 

d 
a 

z 
d m 

m 

11.04 rz m. 

This should equal 
d 

m 
d 

a 

d 
m From the above four methods of estimating , an assessed estimate 

d 
a 

of the linear scaling for the simulated boundary layer as a whole is decided 

on. 



APPENDIX 8 

WORKING DRAWINGS FOR THE CONSTRUCTION OF THE DUAL 

FACILITY WIND TUNNEL 

DRAWING NO 

Wl 

W2 

W3 

Layout of Fans, Chassis, Ducts and Honeycombs, 4 ft x 

4 ft Wind Tunnel 

4 ft x 4 ft Wind Tunnel Spacer Duct 

Honeycomb Frame 

W4 Wooden Framework for 4 ft x 4 ft Working Section Wind 

Tunnel 

W5 Wooden Framework for 4 ft x 4 ft Working Section Wind 

W6 

W7 

Tunnel - Assembly 

Movable Roof for 4 ft x 4 ft Working Section Wind Tunnel 

Aluminium Door Frame for 4 ft x 4 ft Working Section 

W8 Type 2 Door (Wood Panels) for 4 ft x 4 ft Working Section 

Wind Tunnel 

W9 Door Handle and Slot 'Plugs 4 ft x 4 ft Working Section 

WlO Type 1 (Glass) Door for 4 ft x 4 ft Wind Tunnel Working 

Section 

Wll Connecting Hinge for Working Section Roof (4 ft x 4ft 

Wind Tunnel) 

Wl2 Roof Hanger Mounting Bracket; Underfloor Trolley Steady 

Spring 

Wl3 Roof Hoisting Gear (Worm and Worm Wheel Drive) sections 

Wl4 

Wl5 

Wl6 

Wl7 

Wl8 

Wl9 

W20 

W21 

W22 

W23 

W24 

of Assembly 

Roof Hoisting Gear - Components 

Isometric View of Assembly (4 ft x 4 ft Working Section) 

Roof Panel Clamp; Detail - Underfloor Pulley Bogey 

Traversing Gear Trolley and Instrument Stanchion 

Traversing Gear Trolley and Instrument Stanchion 

Traversing Gear Trolley and Instrument Stanchion -

Assembly 

Closed Loop Electric Cable Feed System 

Pi tot and Static Probe - Wing Frame 

Pi tot and Static Probe Wing (Assembly and Details) 

Hot Wire Mounting Bar with Air Operated Steadying Pads 

Manometer Couplings (for Pitot-Static Rake) 

W25 4 ft x 4 ft Wind Tunnel Corner Section, Lower Corner and 

Transition (Sub Assembly) 

W26 4 ft x 4 ft Wind Tunnel Corner Section, Cross-Sections 

DRG No. W25. 

PAGE 

520 

521 

522 

523 

524 

525 

526 

527 

528 

529 

530 

531 

532 

533 

534 

535 

536 

537 

538 

539 

540 

541 

542 

543 

544 

545 

518. 



DRAWING NO. 

W27 

W28 

W29 

W30 

W31 

4 ft x 4 ft Wind Tunnel Corner Section, Cross-Sections 

and Details DRG No. W25 

4 ft x 4 ft Wind Tunnel Corner Section, Detail z, DRG 

No. W25 

4 ft x 4 ft Wind Tunnel Corner Section, Details DRG 

No. W28. 

4 ft x 4 ft Wind Tunnel Corner Section, Details DRG 

No. W25. 

4 ft x 4 ft Wind Tunnel Corner Section - Upper Corner 

Sub-Assembly 

W32 4 ft x 4 ft Wind Tunnel Corner Section - Sections and 

Details Upper Corner 

W33 4 ft x 4 ft Wind Tunnel Corner Section, Mounting Base for 

Duct Structure 

W34 4 ft x 4 ft Wind Tunnel Corner Section Turning Vanes 

W35 

W36 

W37 

Upper and Lower Corners 

4 ft x 4 ft Wind Tunnel Corner Section - Assembly 

Wind Tunnel Assembly 

Wind Tunnel Turbulence Grid 

PAGE 

546 

546 

547 

548 

549 

550 

551 

552 

553 

554 

555 

556 

519. 

Electrical Circuit Diagrams for Underfloor Traverser Trolley 557-8 



UNIT 1-
WORKING 
SECTION 

~_,~~ 

SPACER 

HONEYCOMB FRAME 

HONEYCGAB FRAME 

5'-35." 

7" I 

A 

+~II ,-+-'~:1 -

ROUND TO SQUARE 
TRANSITION DUCT 

4st 

9'-31" 

f M.S. PLATE 

lj tt=-
'rei r t . ..," DETAIL OF CHASSIS MOUNTING STANCHION _,, 

;.. I \? '; \ ·; 61N 

' "-------DRILL HOLE ~D (ALSO IN TOP FLANGE) 
~ 

FIRST ANGLE PROJECTION 
1 SHEET ONLY 

STEEL SPACER OUCT 

FAN 1 

INLET SILENCER 

14" 

17l." 

5'-11" 

9'-7" 

30 IN. 

BElL MOUTH ENTRY 

BOLTS NOT SHOWN 

t 's OF HOLES DRAWN IN 

FLOOR LEVEL 

~EXTENDED 6"x3" 
MS.CHANNEL 
(SEE NOTE) 

MAINTAIN EXISTING 
biSTANCE FROM WAU.. 

NOTE:- 1. RE-POSITION EXISTING STANCHIONS AND RUBBER PADS AS SHOWN 
AND PLACE NEW STANCHION. 

2. FIT NEW G"x 3"xt15" CHANNELS AS CHASSIS OR EXTEND EXISTING ONES. 
IF LATTER !::!.Q AXIALITY MUST BE LOST IN WELDING, DRILL OFF CHANNELS 
WHERE SHOWN TO ACCEPT f'BOLTS. 

3. WHEN INSTALLING FAN-DUCT-SILENCER ASSEMBLY, ADJUST TO EXACTLY 
LEVEL, IF REQUIRED, BY SMALL MOVEMENT OF CENTRE STANCHION, 
!iQ! OUTSIDE STANCHIONS. 

4. AFTER INITIAL TESTING OF TUNNEL, ROUND TO SQUARE WILL BE REPLACED 
BY ANOTHER , INCORPORATING SILENCING AND GUIDE VANES. 

LAYOUT OF FANS,CHASSIS DUCTS 
AND HONEYCOMBS 41<4'WIND TUNNEL 

SCHOOL OF ENGINEERING 
MECHANICAL DEPT. 

DAAWN :- J. K.RAfNI 
TRACED:- V.J.GREY 
DATE:- 29-tt-72 

APPROVED:-

DRG.No. W1 
U1 
N 
0 



, Jssf 
*1F7"17"1 7"1 ti" [7"[7"[ 7:·~-
-+ _._ + --+-y-+- -+--+- I t.J 

t L ... +l=i" t -1.):\'T' i 1:--

t-~ • 

ttt---- -

DRILL 28 HOLES ro! 
NOTE : 3 FRAMES TO 
BE DRILLED AS 

I ". I ' 49}":Fo.!! 

+ 
+ 

SHOWN. 1 FRAME TO 49-;"x 3'X 1" TIMBER DRESSED 
BE DRILLED TO MATCH 
END FLANGE OF 
STEEL ROUND-TO-SQUARE 72-f~"x1" TIMBER DRESSED 
TRANSITION. CD 

-., 
1~-

" +----;: 
' " ~ til-"' 
. ~ I 
•I ._.,t!T 

L 

~J' ·r-

t=l 
.!--I 
II 

49¥' ·i1" 

I 

FIRST ANGLE PROJECTION 
1 SHEET ONLY 

2x r DOWELS IN EACH JOINTS 

-t----+-1--ft----

~~r~~ ~ 

li------17"~1 
_j 

0 
30 IN. 

13"1 

t,_,,"_ 

""-{M.D.PARTICLE 
BOARD. 

ISOMETRIC ASSEMBLY 

2 ASSEMBLIES REQUIRED 

SECTION A-A 

~IS"x2"x1" 0 TIMBER DRESSED 

44"x2"x1" 
TIMBER DRESSED. 

;., 

;..1 ... 

2-}"xNO.tO 
WOODSCREW 

21N. 

IC 51{~& .. ~~IS 'x3"x1" TIMBER DRESSED 

""" 

8 

NOTE:- 1. ALL PARTICLE BOARD TO BE SCREWED 
AND GLUED TO FRAMEWORK, 

2 PLANE PARTICLE BOARD FLUSH WITH 
END FLANGES AFTER ASSEMBLY. 

REINFORCE 
LEGS 

4'x 4' WIND TUNNEL 
SPACER DUCT 

SCHOOL OF ENG! NEERING 
MECHANICAL DEPT. 

ORAWN:-JK.RAINE APPROVED 

~~~ 2~_!;~~~~ loRG. No, W 2 U1 
!'V 
1-' 



ALAU.OY FRAMEWORK 
SCREWED TO WOOP, 
(SCREWS NOT SHOWN) 
HONEYCOMB MUST BE 
FITTED aEFORE SECOND 
AL FRAME, 

l!f-=--- ----1 
i 

CD 0 

AL.L TOLERANCES 0·01" UNLESS SHONN. 
1 SHEET ONLY. 

NOTE: t ITEM G) TO aE MADE FROM OREGON, NOMINALLY 3"x 1-Jr. 
THE PRESSED WIDTH SHOULD BE SLIGHTLY GREATER THAN THE 
THICKNESS OF THE HONEYCOMB WHICH IS NOMINALLY 3~. 
I.E. MEASURE HONEYCOMB THICKNESS TO DETERMINE DRESSED 
WIDTH FOR TIMBER FRAME JOIN:rs OONELt.ED AND GLUED. 

2.. ITEM @ TO BE SRAZED UP FROM 1G GAUGE 3 ~ AL STRIP. 

~~0 8~E~~~ ~~~N S~~·::Ag~~~~~KS ~~~~ 1~FACES GROU>IO FLUSH TO PRESENT FLAT MATING SURFACE TO 
OTHER COMPONENTS. 

3. INSERT HONEYCOMB IN WOODEN FRAME BEFORE SCREWING AL PLATES @, 
ON. AL PLATE@ MAY BE GLUED TO WOOD ALSO,ON ONE SlOE ONLY. 

4. ORDER 36FT. OF OREGON. 

5. ORDER 72FT. OF 3~ AL.ALLOY STRIP, THICKNESS 16 G. 

HONEYCOMB FRAME 

30 IN. 

ALRETAINING PLATE (16G.l 

DESCRIPTION 

SCHOOL OF ENGINEERING 
MECHANICAL DEPT. 

bRAWN:- "J.""K.AAu\iE 
TRACEO:-V.J, GREY 
DATE:-- 2£1-6-72 

APPROVED:-

DRG.No. W3 

(J1 

N 
N 



r; -!i'oOWELS IN EM:H JOINT. SHEET 1 OF 2 SHEETS 

DRILL 32-~~D.HOLES~ ~ e~ e~ e~ 8" 8" 8" ~ ~~~i:"o~~S\ ;--~R!U. 22-fi'D. HOLES TO FIT 

~ II T -~ I I I II 1'1( POsmoN OF BEAM@ ' j ~~~;~~~o~NFi;;'M4;~~g;. 
I 

TO WORKING SECTION. 

N- + + + + + + +j:::;:' "':" \ 
! + I j TW: ~ Jl-------+-------.----1~;~ 3 
I -), ' r:==::=1 ~ 
I + ~· I +~ + + 1--- L=-jl Jl.n"· 

I ~ ~ 
+ t +1------- + ~~>~·s + ~ 

'.o I :' ' ® 
~~.. t-- + t + t--

+ :.t:::~ rn + 1()-+--f--+-.d---1---- -+~-+-+--- ~: .... - - - -o- -
+ ~ +~ + + +----= iO 

I 
*' 1." f... 

Gl + + +----- 48" ·~, 

48·_-.,l[:. .!.,. + - + +--:" 1r 

+ I +r---: + , +~ ~ 
~ + j j +~ i +~t~l-tl rtrnrl_+l+ I ~ +~, 1 ~~ _Eoc1" 

+ + + t + + + +I-- I vI ~I ~: 
1\ it-! 48"><1Tx1" 1.--l" I 7 I 7" 10~.. I 7" I 7" -

I \_,_t"oowELS IN 1"-<e·x • ..,. ,. TIMBER ORESSEO_/ r I It I ® 
..[__L___l___j EACH JOINT. I TIMBER ORESSEO ~ji' .. fl=2:-j I ~ ~·-~ 

82"x5"x1" 81'x5'x1' 

~ ~~ --
\V I 5" r. ,.:· ~~c ... J ) 

,;~~~ ~(..._ 'f..:&;f- ,;-~,_ 
• .J} SECTION A-A 

I ····~· ~ CD 

h ~0 ~ NOTE: 5 IDENTICAL UNITS OF V!ORKING SECTION, 

_:1 ~ ;~HFl~~~ ~NN~~~~ ::~tc B~Es~~~~~UCTED. 

~ ~ 
DIFFERENT IN THAT ITEM 0) WILL BE USED 

b I .. I 'tl" AS IN THE UPSTREAM END FLANGE' BOLTED 3 0 IN. 
- 94 ~ ~· _:j 1 ----1 THROUGH THE HONEYCOMB FRAME TO THE 

f.-----~ ---- · -ooo - ---- ~~~E®~~~~:se~D~~~OF~g)THE DOWNSTREAM 

(';"\ END Fl-ANGE OF THE ARST UNIT ,AND FOR 7 10 .t"PARTICLE BOARD FLOOR PANELS 
\:::.) BOTH END FLANGES OF ALL OTHER UNITS. 6 60 "' DRESSED OREGON UNOERFLOOR CROSSBRACING -SIDES 

~ 20 DRESSED OREGON UNDERFLDOR CROSSBRACING-CENTRE 
4 10 DRESSED OREGON BEAM ENCLOSING ROOF. 
3 20 DRESSED OREGON FLOOR BEAM 

I I

' 1 ~ 2 9 DRESSED OREGON ORDINARY END FLANGE 
<D 1 1 PRESSED OREGON UPSTREAM END FLANGE (1ST UNIT ONLY} 

· • .__i j liTEM No. 
94~ ~Poo" ~· 1 tb REO MATERIAL DESCRIPTION 

WOODEN FRAMEWORK FOR SCHOOL OF ENGINEERING 
4' x 4' WORKING SECTION MECHANICAL DEPT. 

f7'\ PRAWN·- J. K.RAINE APPRC1JEO:-

'-::..J :_~~~-o~~-1J~~~~ DRG. No. W 4 

()1 
N 
w 



4 

2 

MATERIAL LIST FOR ITEMS IN WOOD \FOR 5 WORKING SECTION UNITS) 

NO. REOD DRESSED SIZE 

OREGON 20 9-x 11-" s·-1-
OREGON 20 5~x 1- 6' -11~ 

OREGON 19 5"x 1- 4'-1-
OREGON ' 11-x ,~ 4'- 1~ 

OREGON 10 6-x W e·- a~ 

OREGON 20 5"x 1" 1'- 5-
OREGON BO 3-x 1• ,._ 6" 

OREGON 20 3•x 1" 1'- 2" 
~PARTICLE 5 SHEETS 

BOARD 
-t•THICK x 4FT WIDE 8FT LONG 

WOOD FRAMcy.9RK FOR WQRKING SECJION 

SHEET 2 OF 2 SHEETS 

2)oR0 
(1ST UNITJ 

I .,t· I 

0 
DOTTED LINE SHOWS POSITION OF FLOOR PANELS AND EXTENT OF BOTTOM END FLANGE CROSS MEMBER ON UPSTREAM END OF 
FIRST WORKING SECTION UNIT. 

2. THE 3 INCH SLOT OO'NN THE CENTRE OF THE FLOOR MAY BE WIDENED l.ATER TO FACILITATE REMOVAL OF FLOOR PANELS ,SCREW 
ONLY TO LONGITUDII'U.L BEAMS, 00 NOT GLUE. 

3, OTHER JOINTS SHOULD BE SCREWED, DOWELLED OR NAILED AND GLUED. 
4. 15"x 5~x 1~ REINFORCING STRIPS SHOULD BE ADDED TO LEGS OF EACH SECTION. 
5. THE CROSS BRACING B,.t,TONS BETWEEN THE FLOOR BEAMS MAY BE 3~x 1• OR J•x 1~" AS DEEMED NECESSARY. 

6. PLANE THE (PARTICLE eo.-.ROl ENOS OF FLOOR PANELS FWSH WITH FLANGE TO PROVIDE FLAT MATING SURF.tCE BETWEEN A...ANGES. 

7, FINISH SURFACE OF FRAMEWORK WITH Q..EAR LACOUER. 

a THE SURFACE FINISH ON THE INSIDE OF BEAMS @ SHOULD BE AS SMOOTH J.S POSSIBLE ON OREGON TIMBER. 
9. CROSS BRACING SHALL SE EOUISPACEO AT APPROX. 19~ INTERVALS ALONG FLOOR BEAMS. 

10. ALUMINIUM ALLOY DOOR FRioMEWORK AND STRUCTURAL PARTS ON ORGS W7,W8,W10 

30 IN. 
' .. 

WOODEN FRAMEWORK FOR 
4'x 4' WORKING SECTION 

WIND TUNNEL 

SCHOOL OF ENGINEERING 
MECHANICAL OEPT. 

DRAWN:- J. K.RAINE 

TRACED:- V.J. GREY 
DATE:- 7-10-71 

APPRCNED:-

DRG.No. WS (.J1 

N ..,. 



~ rr 
~ ~ 1 ~ 

•' 

=: ~! 

J 
96" :~ ~~: -n-.1: 

ASSEMBLY-FIRST ANGLE PROJECTION 

~ ~ ~ 

""T 

' ' ' " ' ' t 

CD 

... J 

Ll i ' i _1j 
I ,.. 16" 16" 16" 16" J 10" 

I l_i 
! 1 

0 

!;;;!l[!Jt:ls;z I.IST FOR ITEMS IN TlMSER ONE SHEET ONLY 
(TOTAL FOR FIVE ROOFS l TOLERANCES n~UNl.ESS SHOWN. 

waco No REOD DRESSED SIZE LEN 

OREGON 10 2-x.J..~ ... 
OREGON 10 2~x 2~ ... 
OREGON 10 4"x ,- ... 
OREGON 25 4~x 1" .,. 
TEMPERED 5 OlEETS 8' x4' x (;}=THICK) ... 
HARDBOARD 

0 
NOTE:~ 1. ~.f ~~~ ~6 ~E~~~~ f;'~gr '&N a;~o~ ~U.: @. WIND TUNNEL. 

2. FRAMEWORK TO BE Gt.UED, AND NAILED OR SCREWED. 

3. e~x 4~ TEMPERED HARDBOARD PANEL TO BE GLUED AND NAILED TO FRAME 
WITH NAILS FINISHED FLUSH WITH SURFACE, OR PUNCHED AND PUTTIED FLUSH 
TO GIVE SMOOTH CEIUNG TO WORKING SECTION. 

4. MOUNTINGS FOR ROOF HANGERS ARE DETAILED ON ORG W 12 

5. ON FIRST V.ORKING SECriON UNIT, ROOF HANGER MOUNTINGS TO BE FITTED 
AT BOTH ENDS OF ROOF le. 4 REOD. 

30 IN. 

lo$. SHOWN ARE FOR 1 ROOF, 5 ROOFS REQUIRED 

• TEM'EREO HARDBCWID CEILING PANEL . 2 MILD STEEL MOUNTINGS FOR ROOF HANGERS 
4 2 DRESSED OREGON 
3 . DRESSED OREGON V.OOD FRAMEWORK 
2 2 DRESSED OREGON 

2 DRESSED OREGON 
ITEM No. 

MATERIAL DESCRIPTION No. REOO 

MOVA81E ROOF FQR S!::~QQI OF F'Nr.INFFRING 
4'x 4' WORKING SECTION MECHANICAL DEPT 

WIND TUNNEL 
DRAWN:~ J.KIWNE APPROVED:~ 

1RACED:·V.J.GREY DRG.No. W 6 DATE:~ 22·10·71 

U1 
I:V 
U1 



~ST ANGI...E PROJECTION, 

ALL TOLERANCES 0' 01': 5 IN. 
GltJE ALL AL-WOOD JOINTS. ---ir'REBATE 

1 (partS 1 & 2 only) 
1 SHEET ONLY. I 

,. _L:<Q ~ .n ~ rr- r 

',r-® ' ~ 1j 
~ 

-- - ----

1 il· "' ' ! - ---tHt--- i --n 0 ~ ~' ~~ 

r---------'-1-=···- '-L, -~ -

~ L_ L__ 

DRILL 14 HOLES SPACED AS 
ON BOTIOM ITEM @ L____ L--

WOOO FRAME----. ~~~ A~A~ESC~~~/i~~uOci'H 2 .. 

~ "" VERTICALLY TO UNDERSIDE OF ------j ~ 4" 

r------------------j_L___"_ _____ --1 i ' ~WOODEN BEMtiTEM@DRGW4 I I. 11~ 

' '--- ~ ,13 ~p 
l:;:::::::'::::::':::::::::==:;:re==-=~~='=~ • r--;:r '---1.- --l we 

" 't 0) 0 
• 2" 

DRILL 7 HOLES AND 
01 l ' 

CSK 10 TAKE No.10x 1f + L I 
~~gOO~R~-~~~NGE r------:- J 

I OF WOODEN FRAME----...._ 01 T I .J 
ITEM@ DRGW4 ~~ _ ------··-· _ _ _ 

. f3\ 111 
NOTE.-1 PARTS G)&@ SHOULD BE WELDED UP TO FORM \V 

+ RECTANGLE. PART @ IS THEN WELDED IN PLACE. 3Q JN, 
DRILL 14 HOLES AND CSK, 2. WELD SURFACES ON INSIDE OF TUNNEL SHOULD 
TO TAKE No.B X 1 "WOOD BE GROUND Fl-USH. 

SCREWS. SCREW TO FLOOR PANE:L~ 01 
3. FABRICATE PART@ FROM 4•x-l."ALALlOY STRIP 

/

WOOD FRAME. + f--- AND 2"x2Hx}~ALANGLES TRIMMED TO 2~x1Vx;(-~ NOS IN BRACKETS ARE FOR 
1 

FRAME 
AND WELDED UP TO FORM 2~x 1,f"x!~RHS. 

"!o "- 3 20C2JALALLOY TOP& BOTroM CROSS MEMBER(3~x2~xi-~SECTONJ 
" + t----- 2 10 (1) At... ALLOY CENTRE PILLAR 

+ + + + + + + + + + + + ~ 1 20(2) AL.ALLOY OUTSIOE VERTICAL LEG (3Hx 2~x • SECTION l 

I I I I I j j j j ' i J Ill L ~1 l':-'1,~ MATERIAL DESCRIPnoN 

,. ,. I_ 7"1 7"1 7·1 ,._l ,._l ,. _l 1·_l -d_ 1·_l r_l 7" ~ ALUMINIUM DOOR FRAME FOR SCHOOL OF ENGINEERING 

~ i._ 4' x 4' WORKING SECTION MECHANICAL DEPT. 
L__ lOBE GLUED AND SCREWED TO WOODEN FAAMEJ DRAWN.- J.K.RAINE APPROVED-

~ j---2_r ASSEMBLY ~ f"'_~_r SECTlON C-C :~~,~~~O~~~y QRG.No.W 7 
U1 
[\.) 

(J'\ 



2"x2"x}"AL. 
ALLOY TEE. 

.. + 

+ + + + + 

+ + t + +. 

l.LfD, 
.DT HOI. 
'CH HOI 
1T PLUGS 

G.No.W 

/~ 

I" 

221" 

r---.. 

f)1 + + 

. I' 

,. .. 
~. + 

r-<A' 

+ ·~ 

' 

I 

+ + 

I 

I 

,. I ,t· 
(11") ~ .I. 

I 

I 
I 

I 

I 

I 
I 

~ 

')(2"xt"AL. 
AJ.J..O'( TEE. 

: ~: 

~I 1', 

Al.L TOLERANCES 0·01 .. 
REMOVE AU. BURRS AND 
SHARP CORNERS. 
ONE SHEET ONLY. 

1 .. THICK PARTICLE 
BOAAD PANEL 

+ + 

~ 
l·r------

t 
I 

I 
l CENTRE PIL~R hb 

~ / 
SYMMETRY ABOUT THIS 
CENTRE LINE OF WORKING SECTION 

1"x~"PROTECTIVE AL STRIP 

I 

""-- -
~-~ 31N. 

2"x2"x 
ALLOY 

DIMENSIONS IN BRACKETS ARE / 
FOR DOOR MOUNTED TO CENTRE Pll.l..AA~ 
UNBRACKETED DIMENSIONS FOR DOOR 
MOUNTED TO END FLANGE. 

2"X 2"x-;}" AL __../ 
ALLOY ANGLE. 

fP-" 

_/ ... , 

1"X1"xli," AL. ALLOY ANGLE. 
SCREW AND GLUE TO -
PARTICLE 001\RD PANEL. 

2"x2"xl"AL. 
ALLOI' ANGLE 

12" 

(12") 

~ 

+ + 

~ .... 
(4/"l 

12IN_ 

~ 

NOTE·- 1 WELD AL ALLOY FRAMEWORK. GRIND WELD 
SURFACES FLUSH Vv'HERE ~NELS FIT AND 
Vv'HERE DOOR MATES WITH JAMB. 

2. SCREW AND GLUE PARTICLE BOARD PANELS 
TO AL. FRAME USE a--COUNTERSUNK MACHINE 
SCREWS 

3 48"LONG x 1"WIOE SLOTS ARE FOR INSTRUMENT 
FITTINGS AND WILL HAVE PLUGS AS ON 
DRG.NoW9 .SLOT WILL CUT INTO OF 
AL TEE AND FINISH AGAINST LEG OF TEE 

No 1'10 10 FIT CENTRE-PICCAR 
REOO f10_lO_FIT-Elii0-FLANGE-

TYPE 2 DOOR (WOOD PANELS) 
FOR 4' X 4' WORKING SECTION 

WIND TUNNEL 

SCHOOL OF ENGINEERING 
MECHANICAL DEPT_ 

TRACED - V.J GREY 

DA.TE- 17-10-71 DRG.No. W 8 
U1 
N 
-:-! 



gs 
~'? . . 

I m 

I 

'1 
! 

8 HOLES. DRill. TO TAKE 
1" No.7 CADMIUM PLATED 
WOOD SCREWS. 

STANDARD TYPE 2-DOOR PLUG (OREGON l 

12 II'< 
....., '~ ''"l• I I I -1 Jfl ...• ;;;---r 

• -o o~~ 

~ DOOR. 

~
r:j'\ PLUG,POSITIONIN 

ALALLOY DOOR PARTICLE BOARD DOOR PANEL 

FRAME 

PART SECTION SHOWING PllJG IN !XX)B 

(COMPARE ORG.W8 ) 

FIRST ANGLE PROJECTION 
TOLERANCES: STEEL 0·01, WOOD ;; EXCEPT WHERE SHOWN. 
REMOVE All. BURRS AND SHARP CORNERS 

DOOR FRAME 

1 SHEET ONLY. 

~· 

~
o· 

. 

~ 
. 

. 2f BEFORE BENDING 
HANDLE 

STANDARD DOOR HANDLE FABRICATE FROM DRILLED ;fD. MS. BAR 
AND BENT f'D MS. BAR 

0 

I I 

l"_.j ~ 
MOUNT HANDLE ON DOOR WITH 
MACHINE SCREW (CSK) AND NUT 
MOUNT FURTHER FROM EDGE OF 
DOOR WHEN ROOM AVAILABLE 

3 IN . 

(1~WHEN POSSIBLE 
I.E, ON TYPE 1 DOORS J 

DOOR HANDLE AND SLOT PLUGS 
4'x 4' WORKING SECTION 

DOOR HANDLE 
PLUG FOR INSTRUMENT SLOT IN OOOR 

DESCRIPTION 

SCHOOL OF ENGINEERING 
MECHANICAL DEPT. 

DRAWN:- J.K.RAlNE 

TRACED:- V.J.GREY 
DATE:- 1e-10-71 

APPROVED·-

ORG.No. W9 V1 
N 
00 



v-WOOD FRAME 

I r-MODIFIED 

llr-r========ffir=======T=;~ v 4~ BUTT HINGE ~ ~r H ALL TOLERANCES o. 01" 
REMOVE AU. BURRS AND 
SHARP CORNERS. 
1 SHEET ONLY. 

f ARMOUR PI...ATE GL.&SS 

GLUE TO 2"x2"ANGLE\ 

SYMMETRY ABOUT THIS 
TRANSVERSE CENTRE LINE 
OF WORKING SECT101t 

~ 

1-~*'AL.AlLOY 
PROTECTIVE STRIP 
SCREW OR GLUE 

rg-, Js~~~~~~~ 
ls~~ ~~s~r:oPI~ 

~ 

llrn!l....ll_ 

/1 
1fxtl"x·f AL. 
ALLOY ANGLE. 

2'X2~x,r~ 

ALALLOY ANGLE 

~ ~ 

.-~ 0~1 rtt-
B 

1--llf.-!r-

/7 
fARMOUR PLATE GLASS 

GLUE TO 2'X 2Hx~" AND. 
Wx ti~ x }"ANGLE. 

~~ 

!22t" 

"--A 

"""' 
jr-;"x 2"xl" / l L.ALLOY ANGLE. 

~ ;;~~~~~~~~IP'---!'fl. 'I 
~2"x2"xi" 2"x2''x-1-" 

AL.AllOV AtGLE ALALLOY ANGLE 

~ .QDhlb.Z 

3 IN. (details X,Y,Z.) S 

II"<-

z 

~ 

NOTE:- 1, WELD FRAME COMPONENTS 1,2,3. 

2. GRIND WELD SURFACE 10 FACILITATE FITIING GLASS 
PANEL AND TO PROVIDE GOOD FIT OF DOOR ON JAMB. 

3. FIT rxf AL PROTECTIVE S1RIP PRIOR TO FITTING• 
GLASS. THIS WILL PROVIDE GUIDES FOR GLASS PANEL 

4. LEFT HAND AND RIGHT HA~ OPENING DOORS 
IDENTICAL 

5. GLASS ?ANEL SIZE IS 47~'X 21~. 
6. DOORS TO SEAL AG.AJNST FRAMEWORK USING ?LASTIC 

S?ONGE "SEALASTRI?". 

18 IN. 

NO'S BELOW ARE FOR 1 DOOR , 20 DOORS REaP. 

')t:V'AL.ALLOY STRI? J47.i;~-[ONG PROTECTIVE STRIP 
s··T·2 Ffx-ii'J..ALLOY STRIP 2 ~LONG PROTECTIVE STRIP 

~·ARMOUR PLATE GLASS 472 21~PANEL CAS FITTED) 

'ih'ifxf"ALALLOY ANGLE 
2 ] 1 ]2"x 2~x'£ AL.ALLOY At«3LE 

2 2~X 2"x:f' AL.ALLOY ANGLE 

I"Ta-1 No. MATERIAL 
No.R 

FRAMEWORK FOR 

TYPE 1 (GLASS) DOOR FQR 
4"xi:'WJND TUNNEL 
WORKING SECTION 

SCHOOL OF ENGINEERING 
MECHANICAL DEPT. 

TRACED:- V,J.GREY 
DATE:- 20-6-72 DRG.No. W 10 

lTI 
!V 
\.!) 



@ @ 

@ @ 

FIRST ANGLE PROJECTION 
TOLERANCES Q.Qt" UNLESS SHOWN 
REMOVE ALL BURRS AND SHARP CORNERS 
1 SHEET ONLY 

ASSEMBLY 

ITEM 4, DRG. W6 

IS:) IS:) 

® @ 

DRILL 6 HOLES AND CSK 
TO TAKE N0.10 x lr 
WOOD SCREW. 

-· NOTE: 1. PARTS 1 & 2 IDENTICAL EXCEPT IN 
DESIGN OF WEB. 

2. HINGE HALVES TO BE FASTENED WITH 
A FITTED f BOLT SO THAT A SMOOTH 
ACTION WITH MINIMUM SLACK IS OBTAINED. 

3. WEBS TO BE WELDED TO BASE PLATE 
WHICH IS BENT FROM M.S.STRIP. 
UNBENT LENGTH OF BASE PLATE APPROX.GIN. 

it. FIX MALE HALF OF HINGE TO END OF ROOF 
ON WHICH HANGER MOUNTINGS FIXED. 
SEE DRG. W15 FOR DISPOSITION OF 
HINGES AND ROOF HANGERS. 

• 

CD 

0·1875":~ ~~g~~R. 

DRILL 2 HOLES AND CSK 
TO TAKE N0.10 xtfWOOD SCREW 

0 

CONNECTING HINGE FOR 
WORKING SECTION ROOF 

(4'x 4' WIND TUNNEL ) 

3 IN. 

F-EMALE HINGE HALF 
MA 

DESCRIPTION 

MECHANICAL DEPT 
DRAWN:- J. K.RAINE APPROVED:-
TRACEo,Cv.J.GREV IDRG.No. W 11 
DATE:- 10-8 72 

U1 
w 
0 



1
---- ,VDOTTED OOTUNE wooo FRAME 

' ' 
' I 

l~ r '".ow 
1 -0 00" 

"~'"f 11fl1 ·: . ! ' ~3t'""' - --------- ---1t-------J-- ----- ----l 

--

,, I .,, ., 
I * I . HIH ~~ 

tsf 

·~--·-
MOUNTING BRACKET (12 REQUIRED) 

DRILL HOLE 
-r~~ ~~~:n. 

RILL I. HOLES & CSK TO 
TAKE tf' x N0.10 WOOD SCREW 

NOTE: 1. BRACKET MADE FROM 1fx tfxft;"M.S. ANGLE 
2. CLEVIS MADE FROM --fM.S. SHEET OR STRIP 
:. WELD HALVES OF CLEVIS 10 BRACKET. 

,VELD ENOS OF BRACKET AFTER FOLDING AS SHOWN. 1 "'" 

CLEVIS HALF (24 REQUIRED) 

-~ 

FIRST ANGLE PROJECTION 
TOLERANCES Q.Qt" UNLESS SHOWN 
REMOVE ALL BURRS AND SHARP CORNERS 
1 SHEET ONLY 

DRILL 2 HOLES 

fo_jf "_ 
' ' 

UNDERFLOOR TROLLEY STEADYING SPRING (4 REQD) 

NOTE: 1. LENGTH OF BLANK " s-tf .. ~.. ~ 

~: ~~~~~~~E~g;:~Gt.~~~:~O~~;~~.CE ~UNDER IEJG~r 

3 IN. 

ROOF HANGER MOUNTING BRACKET 
UNDERFLOOR TROLLEY 

STEADY SPRING APPROVED:-

DRG.No. W12 

U1 
w 
1-' 



SECTION C-C (CASING AND WHEEL ONLY) 

SO" 

DRIIJ. HOLE 1fo. ® 
,,,,,91N. I ~-

·,a 

SECTION A-A _(CASING AND BRG. ONLY) 

" 
DRILL HOLE THRO' fi'o. ~ ® 

WORM: AS PURCHASED 

AS MODIFIED FOR ITEM ® 

DRILL MOUNTING SOL T HOLES 
TO MATCH HOLES IN TOP RAIL 
OF WORKING SECTION WOODEN 
END FRAME. DRG. NO.W 4 

ARST ANGLE PROJECTION 
TOLERANCES 0·01" I..IIILESS SHOWN. 
REMCWE All. BURRS AND SHARP CORNERS, 
SHEET 1 OF 2 SHEETS. 

D! -----, 

12 

3 IN 

V1 
w 
N 



a 
. . 

~ " 

FIRST ANGLE PROJECTION 
TOLERANCES 0·01" UNLESS SHONN 
REMOVE ALL BURRS AND SHARP CORNERS 
SHEET 2 OF 2 SHEETS 

I 
j LD.s-·:::':1·· 

Ci) 

-ooooa" 
1.000"-oowD. 

:..I .. 

DIAMETERS A& B & E 
CONC. & SQ. TOL. ZERO 
DATUM FACE C. 

- CHAMFER :rJ' x 45° 

~ 0 

""l Q [Jll
l nl 

i
7s"::::;;:D. ·~-~ 

~ 
Ji'." DRILL HOLE J2 D. 

TAPf" BS.W 

0 
NOTE: THE COMPONENT CONSISTING OF THE THREADED BUSH 

G) PRESSED INTO THE MODIFlED WHEEL @ SHOULD BE 
A SK'!OTH RUNNING BUT WELL LOCATED FIT IN THE 
BEARINGS @ & @. 

1f D. 

-i-
MOD1FIED A.E.C. LTD. NYLON 
BEARING NO.S17. LENGTH 
REDUCED TO f 

8 

3" _j 

4 HOLES. DRILL TO MATCH COVER 
PLATE & TAPfj'B.S.W, 

f 
@ 

3 IN. 

"I Ll fD l__'j 

~ I .,~ 

MODlAED A.E.C. LTD. NYLON BEARING 

~~55H8' Fw~~~O~~~~~r~0 ' 
® 

~"·''"b 

~··· 

® u 
1-000"::::~~ 

~
R_::iu~.riH~~D~.L~H 

WITH FACE OF WHEEL. 

' E BORE 0.75":g ~~~!* 0, n - ' . ci 
D~I.~&TAP-- tL.I___ -

ltB.S.F. 

CHAMFER ,;·x45" 1" ~7";gg:',{J, ® MODIFIED PENFOLD WORM WHEEL 
( TYPE. 5: 1 , 1fCENTRES ) 

c 

~-~ 
~ 
" 

® 

'fiX 45• CHAMFER 

NOTE: BEARJNGS @ & @ TO BE 
PUSH FIT IN HOUSING (V 

. -i-. U.N. F. THREAD. 

®-- 12 IN. 

U1 
w 
w 



NOTE:- THE FOLLOWING ARE NOT SHOWN. 

t. TRAVERSING GEAR. 
2 FLOOR SLOT ZIP. 
3. OOOR CATCHES. 
4. AIRLINES TO FANS, 
5. ROOF PANEL ClAMPS 

ISOMETRIC VIEW OF ASSEMBLY 
(4'x4' WORKING SECTION) 

5 FT. 

SCHOOL OF ENGINEERING 
MECHANICAL DEPT 

DRAWN:- J.K.RAINE 
!TRACED:- V.J. GREY 
DATE:- 16-11-71 

APPROVED:-

DRG.No. W15 
U1 
w 
.;::. 



,. 
' 

FIRST ANGLE PROJECTION 
ALL TOLERANCES 0·01 " UNLESS SHOWN 
REMOVE ALL BURRS AND SHARP CORNERS 

551 ~ ,,, 
52" 

J' 
\.,.V "· . 
'y ~';!;' 

~ ~ ~t". ' Lj~ -~t_ - - 51: - -

DRILl AND CSK. 6 HOLES 

f B.S.W STUD. 
1f' MIN. LENGTH 

ULL THREAD. 

TO TAKE 1 "x NO. tO WOODSCREW, 

DRILL 2 HOLE 
ifo. 

DRILL AND CSK. 6 HOLES 
TO TAKE t"x NO.tO WOOOSCREW 

C0 12 IN. 0 

M.S. -- -uROOFPANELCLAf.p 
MS TEE/fM.S.SHEET !\FOR WIND TUNNEL 

MATERIAL DESCRIPTION 

. ,, I I 'll I • t I ''fJ I ~ ,rtfl< 
"JD, BRIGHT M.S. BAR 

OR SHAFTING. 

~ 
RENOl Q SJQC:K 

CHAIN WHEEL 212030 
SHEAVE (DELRIN) .2.!::l.8EI 

NOTE:- 1. WHEN FITTING COMPONENTS TO SHAFT SET UP SPACER ON TRANSVERSE Cf, SHEAVES ADJACENT TO SPACER & THE COLLARS TO MAKE 
SHEAVES WELL LOCATED, BUT FREE RUNNING. LOCATE CHAIN WHEELS TO SUIT CHAIN RACK. DIMPLE SHAFT IN APPROPRIATE PLACES 
TO ACCEPT KNURLED TIP .fu SOCKET HEAD SCREWS. 

2. SLEEVE 1.0. OF CHAIN WHEELS DOWN TO -f" TO GIVE ACCURATE LOCATION FIT ON f'DIA. SHAFT. 
3, FINE BORE 1.0. OF EACH SHEAVE TO (NOMINAL f .. ) PROVIDE ACCURATE RUNNING FIT ON SHAFT. POLISH MATING SURFACE ON SHAFT 

IF NECESSARY. LUBRICATE WITH MOLVSLIP OR OTHER. 

SHEAVE (DELRIN) RENOLD SIQCK 
CHAIN WHEEL 2J203Q 

3 IN. 

ROOF PANEL CLAMP 

DETAIL-UNDERFLODR PULLEY 

SCHOOL OF ENGINEERING 

illt0:-

0RG.No.W16 U'l 
w 
U'l 



FIRST ANGLE PROJECTION 

TOLERANCES 0·01" UNLESS SHONN 

REMOVE All BURRS AND SHARP CORNERS 

SHEET 1 OF 3 SHEETS E: .. "f<~~ •· ·i 1 ·· r ·· ··l ·· r 
ce · -r· . · \ \ · · . · 

96" 

~fil _'j 
~~ 

~-~~ r·-· i / IF'~ 
(';:\ HOLE SPACING 6" 
~ EXCEPT AT ENDS AS SHOWN. 

!...!;1 an 

. ---++-. ·-++-· 

DRILL 4 HOLES fo. fDEEP 
TAP{BSW, 

£....i I= f•ooo"::::~: I 
4·500" :~ gg~:: 

12" 

,, t ,, 1i 1 
I . ++··I ~- -~-- ~ 
~-

' ·~ 
I _j 
! 

"-----_DRILL 6 HOLES 1fD, 
TAP fUNF. 

NOTE:-1. USE SKF N0.6202-2RS DEEP GROOVE BALL BEARINGS. 
2. LEGS OF FRAME. TO BE WELDED TO PLATFORM, 
3. CHAIN USED FOR RACK IS RENOLD N0.110038-Q.375"PITCH. 

TO BE FITTED TO RAIL WHEN TROLLEY FITTED UNDERNEATH 
TUNNEL. METHOD OF FIXING SHOWN ON DRG. W'S 

0) 

,. 
nR .. ~ 

nR-

l}" 5, KEYWAY 

~ x 4f! CHAMFER 

-R.--i §:! : - I ( I ~ / 
Q.7S":g:t" 

0 1iCIE.. CONC. TOL ZERO 
c OIAS.X,Y,Z, 

~~· 0·11'' 

! I , ··-... :: .::::= . : ' .. : 
. .. 8l . . . . 
I "' , .. 

, 0 5.,.oooot"o 
• .ooooo; • 

3 IN. f'3\ RENOLD STANDARD CHAIN WHEEL 

~\::...) 212006-MOQIFIEQ 

TRAVERSING GEAR TROLLEY 
ANO INSTRUMENT STANCHION 

/DRILL 4 HOLES fo. 

0 
6 IN. 

SCHOOL 0: ENGINEERING 
~ICALOEPT. 

VI 
w 
(j\ 



ARST ANGLE PROJECTION 
TOLERANCES 0-01" UNLESS SI-ONN 
REMOVE ALL BURRS AND SHARP 
CORNERS 
SHEET 2 OF 3 SHEETS 

CUT THREAD 24 T.P. L ' 
17

• CUT THREAD I 

1~ l /{LENGTH FULL THREAD I zoT.P.I. ~ko":::~o. 

t}"D M.S.TUBE. 
(14G.) 

ROUND EDGE 
OF HOLES 

t M.S.PLATE 

CUT THREAD 24 T.P. 
·f LENGTH FULL THREAD 

61N -® 

~s 

"' 

==-

Ll :::11=~ 

"'r-

~~ 

fo--11111--

w.,oi~ 

T 

I 

1-+ 
'J: 

"" g 

61N. 
~!~ __ Q·37S"'oow·D _......__ 0 -0005"". 

TURN CAP AND CUT 
THREAD 24 T.P.l. TO 
FIT FEMALE THREAD 
BOTTOM OF TUBE IN@ 

~DRILL 6 HOLES fo. ;.1 CSK. TO TAKE 1" LONG 
fBSW CSK Mb.CHINE 
SCREW. 

® 

KNURL 
OUTSIDE. 

DRILL /OD. 
TAPfBSW. 

-;.. 

l 
DRILL HOLE t~b. ' 1" ' if' lf' 
CUT THREAD 

~OA~~L® - - - - ---

' ' ' 1fo 

W *-1

'" r I I BLOCK CF BRG 
MATL TO BE __ 
PUSH FIT IN CAP - -{j--
@ AND CIDSE - --
RUNNING FIT ON 
SHAFT (i) 

® 
t{D (n~~~~al) 

1r 
CUT THREAD 

~
~~i~~~ 

LE THREAD TOP 
- OF TUBE@ 

0 @ 

-t-
BLOCK OF BRG MATL 
TO BE PUSH FIT TOP 
OF STEEL TUBE IN@ 

3 IN. 

® 
TRAVERSNG GEAR TROLLEY 

AND INSTRUMENT STANCHION 

SCHOOL OF ENGINEERING 
MECHANICAL DEPT. 

DRAWN:- J. K.RANE 
TRACED:- V.J.GREY 

~-·-ln-...--

APPROVED:

DRG.No. W 18 
U1 
w 
-...! 



FlRST A>QE PROJECTION 
SHEET 3 OF 3 SHEETS 

SECTION A-A 

B 
NOTE:- 1. DETAILS OF MOTOR MOUNTINGS AND ELECTRICAL SERVICES HAVE 

NOT BEEN SHOWN. THESE WILL BE DECIDED WHEN MOTORS FITIED. 

2. SECTIONS (8FT) OF RAIL @ MUST MATCH CLOSELY FROM ONE 
SECTION OF TUNNEL TO NEXT. IE. NO BUMP AT JOIN. 

3. ORDER : 2 PENFOLD WORM AND WORMWHEEL SETS AS BELOW 
4 RENOLD STOCK CHAIN WHEELS NO, 212006. 
80FT. OF RENOLD SIMPLEX CHAIN NO. 110038 

4, MOTOR AND GEAR LAYOLIT SCHEMATIC ONLY. CASINGS CONTAINING 
LUBRICANT TO BE BUILT AROUND GEARS. 

5. FLOOR SLOT ZIP NOT SHOWN. 

2 : 1 REDUCTION BEVEL 
GEAR SET. 

TROLLEY STEADYING 
SPRING. 

ADAPTED SEWING 
M/C MOTOR 

OREGON 
FRAMEWORK 

CHAIN RACK
SEE DETAIL 

ADAPTED PENFOLD WORM AND 
WORMWHEEL 1 CENTRES, 10:1 
REDUCTION. CHAIN 

~ 

INSTRUMENT BRACKET MUST BE CLOSE 
AT IN SLOT IN TUBE @ IE. NO 
ROTATIONAL PLAY ABOUT SHAFT AXIS 
AND MINIMAL SLACK IN SCREW ll-IREAO. 

1f' DIA. SERVICE DUCT TO 
INSTRUMENTS. 

TUFNOL 
RUBBING SfRIP 
FOR TROLLEY 
STEADYING 
SPRINGS. 

X 

PLASTIC, STEEL~] 
OR WOOD 
SPACING 

5 IN. 

MATERIAL 

RAIL, MACHINE FROM 
1fx 1fxfM.S.ANGLE. 

DETAIL- CHAIN RACK 

THE CHAIN IS PUSHED IN10 SUITABLE AL. CHANNEL EG. ~KECHNIE 2563A(f~·f'xfi) .. 
THE CHANNEL IS SCREWED OR GWED THROUGH THE SPACING MATERIAL TO THE RAIL 
THE CHAIN IS TENSIONED LONGITUDINALLY AFTER ASSEMBLY UNDER TUNNEL. THE 
THICKNESS OF THE SPACING MATERIAL MUST BE SUCH THAT THE OUTSIDE OF THE 
CHAIN WHEEL RUNS ON THE MACHINED PART OF THE RAIL X-X, IF THE SPACING 
MAlERIAL IS OMITTED RAIL MUST BE RAISED ~t;"AND DIMENSION Y REDUCED -f 

TRAVERSING GEAR : TROLLEY AND 
INSTRUMENT STANCHION- ASSEMBI: 

SCHOOL OF ENGINEERING 
MECHANICAL DEPT. 

:- J.K.RAINI 
~y 

·- 22-2-72 DRG.No. W 19 

U1 
w 
00 



40FT. 

WIND DIRECTION 
/ CLEVECO 2" PULLEY 

/ / ~TRAVERS<NG TROLLEY 

CLEVECO 2" PULLEY ~ 

I 

I /1 I t '-"--"~" 
lC[Fc~L-nm __ m._ t - -- €~ =~~~;;:~~_:~ 
~ ELECTRIC FLEX TO CENTRAL _/-F------ -- ;~TTOM OF RAIL, lOP OF CROSSB~ACING TIMBER 

fx 2"x lS"MOUNTING PLATE FOR PULLEY UNDERFLOOR CROSSBRACING 11> FT FRflM DOWNSTREAM r-FREE RUNNING BRASS WHEI FLOOR CROSS MEMBER 

CONTROL PANEL 
_rAL.RAIL 

- -

-f---------------1-

<>-?" 
- --------------- -

> ~7 CORE 230076 
ELECTRIC FLEX 

~LRAIL 

SCHEMATIC VIEW OF CABLE FEED SYSTEM 

(DETAIL PLAN OF UNOERFLOOR PULLEY BOGEY, DRG. W16} 

/ 
/ ··-··-- --· ............... , ___ 

~fl OF CHAIN RACK 
L ___j 

/~'~ 3" SHEAVE (DELRIN) SEE ~:RG 

TENSION SPRING~, 
(OR TURNBUCKLE TENS<ONER) 

' 

t- ~ON-EXTENSIBLE L 

'~COLLAR I POLYESTER CORD 

I --, ~~OF CHAIN RACK 

·"' ~ -- ,._ 

FREE RUNNING BRASS WHEEL (IF NECESSARY ) 

6 IN. approx. 

CLOSED LOOP ELECTRIC 
CABLE FEED SYSTEM 

SCHOOL OF ENGINEERING 
MECHANICAL DEPT 

1.}"1 
w 
\!) 



FIRST ANGLE PROJECTION 
ALL TOLERANCES 0·01 "UNLESS SHOWN, 
REMOVE ALL BURR AND SHARP CCANERS. 
SHEET 1 OF 2 SHEETS. 

ORtU. 14 HOLES BOTH SIDES. (OFFSET HOLES 
ON UNDERSIDE TO AVOID INTERFERENCE) 
HOLES SHOULD BE ?r;' DEEP. TAP 4BA. 

~ 

""' 
L 

J 

4f 
~3· 

~~ 
1+-

In n 

h- 2" 

l" l" 
DRILL 2 HOLES n D, 16 DEEP 

TAPfB.S.F 

6" 

I 4" 

I 
~ + 
n n n 

2" 2" 

47" 

6" 61" 

4" 4" 4" 

AI ! ---, 

-+ -t + 
n n n n n n 

.AJ 

2" 2" 2" 2" 2" 1 2" 

PITOT AND STATIC RAKE FRAME +---

.1. st" 

~CENTRE RIB (SEE OETAJL -SHEET 2.) 

6" ' 6" 41" 

2F -lr~ ·1r 2/J / 4" 

+ -t / + + 

n n n n IL 

-1' n--

2" 2" _i 2" 2" 2" 2" --

6 IN. 

4" 4" 4" 3" 

--1 
+ + " + 

n n n n n n n n 

2" L-----2" 2" 2" 2" 2" ,.,- rl 

WDRILL AND TAP 8 HOLES 
-}"B.S.F. x f'oEEP EQUI SPACED 

. ON 1f'" P.C.O. 

' 

DRILL 8 HOLES 
-l~o 

ebui SPACED 
ON 1fP.C.D.CSK. 
TO TAKE rssF 
MACHINE SCREW 

17o. CHAMFERfx45"tt,,'0 

~ I•! -~"""""""'=~~"""~=>--- ------- -1• ·I 

END ELEVATION AND PLAN 

(OUTER RIB REMOVED ) 

l" l" 
DRILL HOLE ;50, MIN. i6 DEEP 

31" 

PITOT AND STATIC PROBES TO BE 
MADE FROM 4f INCH LENGTH OF 
0-129" O.D. STAINLESS STEEL 
HYPODERMIC TUBING. DRILL 0·136"0, 
HOLE IN FRONT SPAR USING NO. 29 
DRILL. FIT EACH PROBE AND GLUE 
IN POSITION. (PROBE DETAILS SHEET 2) 

DRILL AND TAP HOLE 
fe.s.P. 

DRILL 2 HOLES f"o, 
CSK. TO TAKE f' Ss.F. 
CSK MACHINE SCREW. 

~~~~ill~~~g~~ 

~
ooooooooooo 

- -

OUTER BIB OF FRAME 

•I• 

CUT THREAD CS K.,\; x 45• 
fB.S,P. ~'MIN, 
LENGTH FULL 
THREAD. 

1f0. 

+~ 
DRILL HOLE 
THRO' rD. 

LOCATING FOOT (2 REQO,l M S RUBBER DIAPHRAGM FIXING PlATE 
M.S. (2 REQO.) 

NOTE:- ALL FRAME MATERIALS EXCEPT PROBES 
ARE MILO STEEL. AEROFOIL SKIN TO BE 
26G. AL. ALLOY SHEET. 

PlmT AND STATIC PROBE
WING FRAME 

31N. 

SCHOOL OF ENGINEERING 
MECHANICAL DEPT. 

DRAWN :_-J. K.RAINE -APPROVEtl:-
TRACED:-V.J. G-REY DRG.No.W21 

U1 
~ 
0 



ALL TOLERANCES 0·01" EXCEPT HOLE SPACINGS WHERE 0·001" 
REMOVE ALL BURRS AND. SHARP CORNERS 
SHEET 2 OF 2 SHEETS 

DRILL AND TAP 
6 HOLES f' B.S.W 

fR. 

~ 

DETAIL OF CENTRE RIBS 

2t~ 

~·~ , Ci! ' , 10' _l 
... 1... :..~ - . • •• -.. - ' !-I ... 

·~ ~'[I 
~ 

RIGHT HAND (2 REQD,) 

DRILL 3 HOLES f'" D. 
AND CSK. TO TAKE· 
-fCStt MACHINE SCREW. 

MANUFACTURE FROM 16G. M.S. 

MOUNTING BRACKET (FOR PITOT-STATIC WING) 

~· 
~ (2REQO.) 

[.~~f-+.[ 

4sf 

I " ES AND CSK' 6 IN. "-DRILL 2S}'~K MACHINE 

4r 

PITOT AND STATIC TUBES 
(0.129 "O.D. HYPODERMIC) 

3 IN. 

TO TAKE IG 

SCREW. 

I 1" 

30• CHAMFER 

FIT HEMISPHERICAL 
NOSE CONE 

DRILL 25 HOLES WITH 
NO. 29 DRILL. (TO JUST 
CLEAR PI TOT TUBES) 

DRILL 4 HOLES EQUIPSPACEO 
ROUND TUBE. USE N0.80 DRILL, 

AEROFOIL SKIN (26 G. AL.ALWV SHEET OR THICKEST AL. SHEET 
THAT WILL BEND TO REQUIRED SHAPE. ) 

APPROX. ISOMETRIC ASSEMBLY 

NOTE:- PLASTIC TUBES TO BE FITTED TO HYPODERMIC 
AND ARRANGED INSIDE FRAME TO EXIT THROUGH 
HOLES X ABOVE (IN SKIN). AEROFOIL SKIN TO BE 
FITIED FINALLY, 

3" 
~ 

PIT.OT AND STATIC PROBE WING 
(ASSEMBLY & OETAILS I 

SCHOOL OF ENGINEERING 
MECHANICAL DEPT 

tfi:AWN:- J.K,RAINE 
TRACED:- 'lJ. GREY 
IATE:-25-8-12 

AP~"ED:-

DRG.No. W 22 

U1 

""' ~ 



Rill. 6 HOLES f 0 
1 SHEET ONLY 

~
2" 

1"x 14G M S TUBE 

R-- / 

~ ': .. _ I 4 I 

t
l" 
B O.D. 

c{== -
,..:g g~: l.D. 

LAT (TOP AND BOTIOM) 

DRILL THROUGH AND TAP ~Co

4 
fu.N.F. {TOP AND BOTTOM) . . 
SUPPLY SMALL KNURLED END 
SCREW OR SIMILAR WITH - - -2: 
WINGNUT TYPE HEAD. 

"'~ DRILL THROUGH AND TAP 
1 

-f'U.N,F. OR SIMILAR. 
(TOP AND BOTTOM) 

® 

DETAIL ZJ---

47a -o 12s" (P 

CD--- 6 IN. 

~ 

DRILL fa. HOLE 
SLOT LONGITUDINALLY TO 
ACCOMOOATE PLASTIC AIR 
SUPPLY TUBES, IF NECESSARY. 

~·"'"'"' ,,u:ci . 10 . 3 IN 

HOLES fa. 1'~. /CRILL 3 

1±-+lm 
i r i +Til 
0 

MAKE 2 RIGHT-HANDED 
(AS SHOWN) AND 2 
LEFT-HANDED. 

1"0,0.x 14 G. M.S. TUBE 

M.S.CVUNOER 
THREADED INTO 

~ OUTER TUBE. 

PLASTIC LINE 1=1f KNURL END. 

TO AIR SUPPLY • 
0 

!-I ... 

fa. PISTON WITH ~lNG 
OR LEATHER WASHER SEAL 

DETAIL Z- GENERAL ARRANGEMENT OF AIR OPERATED PRESSURE PAD. 

(DETAIL TO SUIT REQUIREMENTS SHOWNJ 

NOTE:- BAR TO BE GRADUATED IN CM. FROM CENTRE TO EACH END. 

HOT-W!f£ MOUNTING BAR WITH 
AIR OPERATED STEADYING PADS. MECHANICAL DEPT 

U1 

""' N 



FIRST ANGLE PROJECTION 
CARE:- METRIC AND IMPERIAL UNITS 
ONE SHEET ONLY 

45• CHAMFER 

DRILL HOLE TO ACCEPT 
LOCATING DOWEL 

'" PRESS FITib 
M.S LOCATING 
DOWEL. 

SECTION AT A A "':- 50mm 

A 

DRILL 13 HOLES SPACED-----~ 
AND SIZED AS FOR CD • 
CSK. AS IN SECTION A-A. 

- ---------

i 
A 

® 

THREAD 2 mm PITCH 
12 mm. MIN. LENGTH FULL 
THREAD. 

0 

23mm. 

DRILL 6 HOLES EQUIPSPACED ON 2Smm P.C.D. 
TO PUSH FlT 0-129"0.D. HYPODERMIC TUBE. 

DRILL 6 HOLES EQUIPSPACED ON 17mm P.C.D. 
TO PUSH FIT D·129"0,D. HYPODERMIC TUBE. 

DRILL HOLE TO PUSH FIT 0·129" HYPODERMIC TUBE. 

CUT THREAD 2 mm PITCH 
TO FIT MALE THREAD ON 
38mm.O.D. 10mm. MIN. THREAD 
LENGTH. 

--=~-,_. 
OF CAP. 

0 
100mm 

NOTE:- 1. CHAMFER ENOS OF HYPODERMIC AT 45~ 

STANCHION FOOT PLATE 

INSTRUMENT STANCHION 

FURTHER AREA 
TO BE RELIEVED. 

EXISTING HOLE 

MODIFICATION TO HOLE ON TOP OF TROLLEY 

5 IN. 

2. CHECK THAT HYPODERMIC IS SEALED, USE ARALOITE IF NECESSARY. 
3. FIT 0-RINGS ON HYPODERMIC MATING FACE OF MALE HALVES CD 

EG. EDWARDS VOR-06-H021-0S-002. 
4, CHAMFER ALL SHARP CORNERS ON EXTERIOR OF COUPLING BODY, 
5. QUANTITY OF 0·129"0,0.HYPOOERMIC REQUIRED= 1·75M. 
6. COLOUR CODE THE 2 COUPLINGS TO AVOID MIXING. 
7. RELIEVE HOLE IN TOP OF TROLLEY AS SHOWN ON LEFT TO GIVE 

HOLE EXTRA AREA OF t"x 1;" TO ALLOW MALE HALF OF COUPLING 
PAST TUBES. ( CARE TO AVOID DAMAGE TO WIRES OR ZIP. ) 

MANOMETER CDUPLIN GS 
(TO PITOT STATIC RAKE ) 

SCHOOL OF ENGINEERING 
MECHANICAL DEPT. 

AWN:- J. K, R-.b.JN-E 
TRACEO:-V.J. GREY 
DATE:- 2-4-73 

APPROVED:-

DRG.No.W24 

U1 
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NOTES 
1 FIRST ANGLE PROJECTION 
2 WELD FRAMEWORK. CUT AND WELD IN PANELS 

It- 6{ TO GeTAIN AN.A 
1'--. 3 CRmCAL DlMEN 

,----,-,-\-.1 '-~-----.........: 4 SHEET 1 OF 6 
~ : : 

L INSIDE DIMENSIONS 
SONS ARE INSIDE DUCT SIZES 
SHEETS 

5 SURFACE FINISH: GRIND MATING SURFACES 
OF FLANGES FLAT. GRIND waD SURFACES 
INSIDE TUNNEL FLAT. FILL CREVICES AND 
IRREGULARITlES AND PAINT. (TOP COAT 
SEMI GLOSS) 

'§ 3'-Bf ~ a 4' 6r· ~j~ ~ IB 3'~==10~ 
' "_ "·" /~~ 

~~ '~ \ I ~DETAIL 
~ ,2 /[{,_ 

.;l-+~ -,~.~- \ (#! [F 
~rb 1!1+---i 

io '..._ \ B \5• ~~ ~ ,: -~r ~-; ~... ~// ;: '.: 

:)---!--+""' " " J1 ~ /' E "' 

,~,.Ji:: < , _~--.. r, " f----

,1:. I ~~~ lo rL 
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"The turbulent wind", the scientist grinned, 

"is described by equations unholy. 

To analyse the demise of an eddy, what size? 

is undeniable folly. 

To the young engineer reared on steel it brings fear, 

as describe the invisible he must. 

Ask him why the wind blows and he'll say 'Goodness knows!' 

But he'll measure the length of a gust." 

Anon, 1974. 
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