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"ABSTRACT
/

-

Blockage correctien';equation"/ for . bluff\\bodies “in-

closed-throat wind'tunnelftest;ng haye been deriveq.semi-em- .
pirically since the 1930%s. These blockage correc ion eéua~'
tions uere all designed to correct for the draé coefficient
and this in smooth fldw only. The range of these equations
-was not really extended to the llft coeff1c1ent (except by
Mastell) nor to turbulence in the flow'field and were Valld
for angles of 1ncrdence of less than 10 degrees. Furthermore

they were not designed to correct for blockage ratios much

greater than. 15 pergent. \

This thesis examines some of the.better known and ac-
cepted blockage correct1on equa ns  and compares them w1th
one anoth;r. It also verlfles theqval1d1ty of these correc-.
tions in.the- case of hlgh blockage ratios (qp to 37.2 per-
cent) .andj.ln the case of turbulence in the. flow. A new
blockaje correction gquation is proposed and'ascertained to
. be equally valia -for the correction of either drag or‘lift
‘ either in a smooth er turbulent stream and at any angle of
incidence. The effects of turbulence on the flow around a

bluff body are also examined,

. . S



The\prbpcseq blockage correction eQUetion has the form:

Coe= _S»,.  eM

' ‘. ’+% £P‘1°. ‘ .\

B . Ll
- .

where _Cb-fié the corrected drag coefficient,
. © Cy is the uncorrected drag coefficient,
- [ .
S is the projecfed face area of the model,-
C‘' is the wind tunnel test sectlon _area,
EM is a base pressure parametet term
. equal to L/a,, , where k? = 1 - .
and where C; , 15 the base pressure
coefficient, and
eM, is the base pressure parameter term
. regressed for zero blockage.

a

—

It is found-in this thesis that the above blockage cor-
rection equation is valid for‘correcting.lift and drag.coef-
ficienrs in either a smooth or turbulent streem and forfany
‘blockage ratio. It is also believed that this equation is

equally valid for the moment coefficient.
P, ’ ' “ . '
It was also found that contrary to popular}Qiiief, tur--
bulence in the flow field does not affect .the bl ckage cor-
rections and that most'plockaée correction equptione are
equally suited in turbulence. However,r blocka e correctlon
eqguations which'take the base pressure into account in one
way or another are better su1ted for correctlng I\ft or drag

in a turbulent stream,

- iii -
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Chapter 1
'HISTORICAL DEVELOPMENTS~IN WIND TUNNEL TESTING

1.1 THE NEED TO EXPERIMENT

' Classical hydromechanicg‘ began wi;h Daniel Bernouili
(1700-17825. In his re&tise "Hydrodynamica", Bernoulli
stated his first principle, a fundamental theorem of fluigd

dynamics as follows: " n the case of steady fléw'of a fl&id
" that is incomprigﬁib%é/;nd non-viscous, the energy of a unit
volume of a fluid‘is— conserved along a Streamline.  More
specifically to be expressed as Ehe algebraic sﬁﬁgof three

- terms, the pressure, kinetic energy per unit volume and po=""

_tential énergy per unit volume, has a same value at any two

{2
!

points on a streamline.”

Although this theory of the potential flow of an incom-
pressible fluid has been well developed by other reseérch-
ers, it is of iiﬁited applicability because, einé based on
the assumﬁtion that the fluid is totally noh-viscous, it
cannot account for profile drag and other boundary layér ef-
fects. 'While the mathematical theory of boundary;layer flow

provides a basis of extrapolation from model to full scale
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conditions, it is quite complex and is not readily accepta-

ble for use in routine calculations.

Much theoretical work has been devoted to.the motion of
an iﬁviscid compressible fluid, and Ehé'fheory‘is'still be-
ing developed. As the the?:y of boundary layers in compres-
sible fluids contains many'intricacies, it has not fet been
developed to the same extent as for incompressible fluids.
In general, therefore, thé\ théory is incomplete requiring
supplementary testing via ékperimehtation. fhié is achieved

most conveniently on a scaled model test in a wind tunnel.

From the point of view of design, such experiments have

.two principal uses. First, they make it bossible'to study
‘various designs or variation of designs in a'direct and re-
latively economical manner. The second use of experiments
in fluid flow 1is the gathering of information, usually in
conjuhction with ﬁheoretical work, which either confirms or
denies a proposed theory but usually furthers it, thus lay-

ing the foﬁndation for future design improvements,

-4
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1.2 SIMULATED WIND STUDIES

The 18th century saw experimenters trying to create ar-
tificial airflow arouhd'their'models to simulate the éaria-
ble ﬁature of natural wind. In 1746, Robins published two
paper§ under the title "Resistance of the Airf and "Experi-
ments Relating to Air Resistance” which déséribed his inveh-
tion, namely a whirling table or arm apparatus used to mea-

sure wind forces as illustrated in Figure 1.2.1.

John Smeaton (1742-1792), the "iirs; civil enginger",
improved Robins' whirling arm and with it tested m&dels of .
windmill sails (Figure 1.2.2). ' His interest in wind speeds
and pressﬁres provided valuable data for builders, bridge
“"designers and architeqtﬁ of that period. It can be noted
that engineering literatﬁre of the period was flooded by
cqnflicéing empiriéal relations relating wind speeds with

- wind pressures. >

The first wind tunnel to be built is credited to Francis
Wenham. A description of the Epﬁaratus was published by the
Aeronautical Society of Great Britain in their 1871 Annual
Réport, A fan blower delivered éir Ehrough a square.duct of
3 metre length and 0.5 metre sides. Lift and drag forces on

plates were measured by spring deflections. ’

n
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FIGURE. {.2.] - SKETCH OF THE WHIRLING ARM
USED BY ROBINS

L8

FIGURE 1.2.2 - SMEATON S ADAPTATION OF ROBINS'
WHIRLING ARM FOR WINDMILL TESTS



1.3  EARLY WIND TUNNEL STUDIES -

The earliest reference to wind funnéi investigatiops of -
wind pressure on. a plate appears to be that carried out by
J.0.V. Irminger in'Dehmark. Irminger, head of the Gas Works
in Copenhagen decided to use the updraft in one of the smoke‘_
stacks as the source for airflow. An openlng was made on
the side of the chimney and a refangular box_40 inches'inf
length and 4.5 by 9 inches in cross-section was inserted. A

shutter was used to control the speed of the air current.

His studiés included ﬁressure distribution on. flat
plates,. a model of a bird's wing (probably the first aero-
”foil.t§§ted in a wind tuﬁnel) aﬁd building models (Figures
"1.3.1 and 1.3.2). The first results of Irﬁinger's éxpefi—

ments were published in 1894 in Denmark and England.

In 1906 a famous civil eng1neer, Gustave Eiffel built'a
wind tunnel at the foot of his equally famous tower., With a
horizontal test chamber five feet in diameter and powered by
the tower’'s generators, this was probably the biggest wind
tunnel in existence in its days. Over the next five years
and more than 5000 experiments latér, Eiffel had made maﬁor

contributions to the design of wings and propellers.
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J.0.V. Irminger.
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IRMINGE R
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In 1912, Eiffél ﬁuilt another gindvfuﬁnel, in Au;euil.

This one was larger and more péwerful than thé first, having
a test cﬁamﬁer 6.5 gegt in diameter and a mgximum possible

wind speed of 71 ﬁpﬁ. -During the next years, .hé studied

lcdmplete scalé mpdelé of eminenf aireraft pioneers. To name

but a few: Wright, Blériot, Farman =--- even the All}ed

fighter planes of the First World War were tested at the La-

boratoire Eiffel!.

1.4 WIND TUNNEL INVESTIGATIONS TODAY

Since the first wind tunnel tests of Wenham,  much pro-
gress has been made. Wind tunnel tests for civil engineering
lgtructures have been found to differ greatly . in mode%ling‘
characteristics compared to aeronautical structures. Due to
the pfoiimﬁty of the ground to civil structures, Ehére is a
turbulent boundary layer which has to bé reckoned with. To
th;; effect, Martin Jensen {19, 20] formulated his "Model"
law in 1958. "The correct model fest forl phenomena in .the:
wind must be carried out in-a turbulent boundary layer and

éhe model law requires that thi¥s boundary layer be to scale

! The Auteuil laboratory still fuctions with its origi-
nal equipment, logging an average 10,000 hours of ex-
perimental work annually. It is used mostly for stabili-
ty tests of high-rise structures and automobile
wind-stream tests. The German firm Porsche has carried
out many tests on its racing cars at Auteuil.

#*



as regards.the velocity profile."

With this knowledge, wind tunnel tests today ascertain
not only the - wind forces to be reckoned with but also give
us an indication of the environmental effects this structure

will have on its surroundings.

We have indeed made progress since Robins' whirling

arfM. .. -

1.5 ' CLOSED-THROAT WIND TUNNEL TESTING PROBLEMS

Although ﬁind tunnel'téﬁts are extremely useful, the na-

ture of the médel undér test as well as the wind fﬁﬁnel con-
fiquration induces experimental problems. In closed-throat
wind tunnels the problems stem from wall constraints. Chief
among these constraints are the problems of boundary layer
flow on the walls and the sdlid blockage of the flow due to
the physical chafacteristics of the model as weil as the
wake blockage due to the- constraining effécts of the walls,

floor and ceiling of the test section.

The problem of blockage was'first studied by Glauert
[16] in 1933. Thom [481, Herriot [49] and Hensel [50] stu-
died the problem in the 1940's ang 50's. Maskell [24] and

Cowdrey [7, 8] did mucéh research on the problems of soligd

-

~\
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and wake blockage in the 1960's. Additional reseafch'on this'
problem'wés performed by‘Modi and El-sﬂe;biny [28], Ranga
Raju and éarde [36], Courchesne and Laneville [6] and Hack-

ett and Wilsden [51] in the 1970's,

Some of the coﬁtemporary equationé for blockage correc-
tion will be evaluated in this rééearch and a new blockage
cofrection will be proposed. It is the intent of this study
to extend the blockage correction theories from smooth flow
to turbulent flow and from low biockagé;-fatios (about 10%)
to high blockage'ratios (about 46%). This new blockage cor-

.

rection equation will also be valid for any angle of inci-

dence.



Chapter 11

THE PROBLEM OF BLOCKAGE IN CLOSED-THROAT" WIND
‘ TUNNEL TESTING

.
ey N

2.1 BOUNDARY CONSTRAINT

In a closed-throat wind tunnel, the working section has
rigid boundaries, 'namely the side walls, floor and roofrof
the test section., At the rigid, boundarles; the veloc1ty com-
ponent normal to the walls must be zero. The 1mp051t10n of
this boundary condition causes the flow around a body placed
in the working section of the wind tunnel to différ from

that of the same body in an unlimited stream.

2.2  SOLID BLOCKAGE AND WAKE BLOCKAGE

’

The general nature of the interference caused by the
rigid boundaries can be visualized _in Figure 2.2.1 and
2.2.2. The most obvious effect of the wall constraint.is
that the lateral expansion of the streamlines in the region
of the model will be restricted. This will produce an in-
creased axial velocity in the vicinity of the model? The in-

crease in axial velocity at the model is dependent on the

_ll_
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volume distribution of the body itself, i.e.  1its partial
blocking of the flow in the presence of boundary constraint.

This is refered to as.solid blockage. ' '

The other interferencg is wake blockage. Pankhurst and

Holder [32] explain the mechanics of this problem in their

book on wind tunnel technique.

‘Theé total head of the fluid in the wake of a
body is less than that in the region outside since
- the static pressure -in a tunnel is practically
constant across any given section normal to the
stream (provided this section is  not too close to
the trailing edge of the model), it follows that
the dynamic head, and hence the velocity, in the
wake of the model must be lower than in the sur-
rounding stream. In order to satisfy the condition
of continuity of mass flow in a closed-throat tun-
nel, therefore, the velocity of the fluid outside
the wake must exceed the velocity far upstream of
the model, whereas in free air these velocities
are equal. Thus the axial velocity in a closed-
throat tunnel gradually increases past the model
(except for the reduced velocity inside the wake),
and the velocity at the position of the model is
correspondingly greater than the tunnel speed.
This effect is termed wake blockage.
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FIGURE 2.2.2
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2.3  BLOCKAGE CORRECTION - .

Litt;e focus 'has been given to the problem of wall
constfaint on  non-streamline flow'past a bluff body since
Glauert [16] in 1933. __Gl;uert's approach in the two-dimen-
sional problem seems to have stemmed from the experiments of
Fage and Johansen [1X, 12] on the flow past an inclined‘flat
plate spanning a wind tunnel. Hip study of;the blockage ef-.
fect associafed with the bluff'body wake led Fage and Johan-
Sen to test several plates of different sizes and establish
the drag coefficient 6f'a two~dimensional flat plate normal

to an unlimited stream by extrapolation.

Glaﬁert.sugbestéd that for a wing completely spanning a
closed-throat wind tunnel, the wake blockage factor £, .may

be written as:

= t
Ew rz_h_.

where t is the thickness of the wing,
h is the tunnel height, and

1 is an empirical factor.



D

Usigg:his

- ed stream is:

D

D.

correction factor,

-2

7]

where D is the drag force and

‘D, is the corrected drag force.

a

s

X6

. Glauert proposed that-the

ratio of drag in the wind tunnel to its value in an unlimit-

The presence of the émpirical factor q reduces Gla-

vert's formula to an

interpolation between experimental re-

sults., .These are not sufficiently accurate to support the

proposed functional dependgnce of t/hQ' Thus the formula was

not widely used,

equation being prefered to it (see, for

4
b 2

‘and Holder [32] and Pope [34]):

C, 5
D, o

the following wake blockage correction

example Pankhurst

where AqQ is the effective increase in dynamic pressure

of the undisturbed stream,
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g is the dynamic pressﬁre upstream of the
model, - .

S is the face area of the model,
; C is the cross-sectional area of the tunnel, and

_Cn’is the profile drag coefficient.

The above correction unfortunately holds only for
streamline flow, the bluff bedy problem requiring a diffe-

rent treatment.

Thom [48] expanded the work §f Glauert and others to fa-’
cilitate ﬁhe estimation qf the blockage of étreamlined,,<at—'
tached-flow bodies in closed tunnels. Herriot [49] provided
tables to cover a'mugh wider range of aerodynamic bodies and

wing shapes. For automobile shapes,

e

: 1+2V c S
- = e + YDu =
%’ (z )z . 4C

where g, is the corrected dynamic pressuye,

g is the dynamic pressure, ‘

V is the airstream velocity,

S is tHe test section cross—-sectional area,
C is the cross-sectional area. of the model and

Cp,1is the uncorrected drag coefficient.

Ir
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Thom and Herriot suggest a wake bucyancy correction to

‘drag tﬁat can be expressed by

. =2V
ACo, = =%,

-

where ACy,1is thé difference in the wake drag coefficent,
V is the airstream velocity,
C is the model cross—sectional area and -

Cp,.is the uncorrected drag coefficient.

Hegﬁel [50] developed a velocity ratio method (modified

by Wilsden) which uses a single measured vélocity increment
at the ceiling to determine the interference velocity at the
model }6cation due to sélid blockage. The ratio of the-vel—
ocity.at the model location to -the velocity at the tunnel
wall was derived for a line doublet of arhitrary..span by

Hensel.

The interference velocity is deduced from the computed

tunnel-axis-to-ceiling velocity ratio and the measured ceil-

‘.

-

ing-tp-uncorrected-approach-£flow velocity ratio using

=
o -
=
>

.._LLL =
Va

=
3
n
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where Us is the velocity ihcrement at the model’
Vo location due to the presence of walls,

W is the measured veloc1ty increment at the
Vu ceiling,

'_JL is the computed tunnel-axis-to- ce111ng
. - W, velocity ratio.

" An extension of the method by Hansel to allow computa-
tion of the axiai distribution of the solid and wake block-
age Qelocities as well as a wake buoyancy correction was de-
vised by Hackett and Wilsdén ‘[51]. .The procedure requires
the;measurement_ of ceiliﬁg center-line pressure distribu-
tion over the length of the test section with the model both®

present and absent.

2.4 MASKELL'S BLOCKAGE CORRECTION EQUATION

Interest in " the problems of blockage' constraint resur-
faced in the 1950's when marked dlfferences were notlced in
the high lift characterlstlcs of models of a partlcular alr—v
craft tested in different wind tunnels. From the onset of
stall, the different sets of results could only be recon-
ciled through some forh of wall interference greater than
any explained. by the standard correction formulae of the
period. The purpose of Maskell'ss (24, 25] investigation of
the problem was to establish the existence of such an inter-

_ ference and to provide adequate corrections for it.
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Maskeli, in his 1963 report [24) stateé;

. : !

Since it was evident, from the outset, that .
the effect was connected with ° the breakdown of
Streamline flow over the wing, ' it seemed worth-
while to concentrate attention, in the first ins-\
tance, wupon the extreme situation concerning a
wing-like shape === for example, a thin flat
plate is set normal to the wingd stream. The block-
a@ge constraint on-this type of bluff body flow in
a wind tunnel with solid walls is therefore the
subject [...] of this paper. A. theory is developed
which provides an estimate of the effective in-
' crease in the dynamic pressure q of the stream,

due’ to the constraint, in the form: '

-

S _ 90 - & -1+ G S . 1+eCS
’%"k? k-1 C c

where kX-: T'tfb , CTb being the base pressure coeffi-
cent, and %here the suffixﬁc refers to the corrected quanti-

ties,
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2.5 COWDREY'S BLOCKAGE CORRECTION EQUATION

Maskell, 'in developing his theory of wind tunnel block-
age was - primarily interested in the wall interference ef-
fects onfpla;es set normal to the wind direction. Cowdrey
[7, 8] ‘félt that there Qaé no réason to suppose that the
theory could not be applied equally well to o%her bluff'bod-
ies. For 'this reason; he tested two models of differé;t sca-
le of a power-station boiler house. One had a ratio of model
face area t§ .wind tunnel test section area. of 7.56 percené

while the other had a ratio of 1.88 percent.

| -While Cowdrey did not advance any new theories, “he
showed that the required correction was roughly equal to
that of a flat plate of the same shape as the front face of';
the model, Thus Maskell's theory seemed .Galid.for' large 5

blockage corrections up to 24 percent.

Cowdrey's correction formula for wind tunnel blockage is
similar to Maskell's and is given as:

CDC ‘= ‘kcz — 1" m_S_

Cp K c

where m= 3.2 - A/20

whére k is ‘the ratio of the velocity at the wake
boundary to the free-stream velocity (=1—C?w),
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S is the face area of the model,;
C is the wind tunnel cross-sectional area, and
m is the ratio of the cross-sectional area of
the wake to the cross-sectional area of the
wind tunnel, and -

A is the aspect ratio of the face of the model.

2.6  VERIFICATION OF BLOCKAGE THEORIES

It has been foﬁnd experimentally by Modi and El-Sherbiny
[28] and Courchesne and Laneville [6] that Maskell's theory
(and therefore Cowdrey's) ﬁends to overéstimate the‘correc-
tion for higher blockage ratios.(érea Of model face to area
of wind tunnel test section). It 1is one -of the intents of
this study to verify these findings using blockage ratios up
“to 37.2 percent (which is roughly 4;8 times the largest
Jblockage ratio tested by Cowdrey)' and to submit a modified

blockage correction equation or propose another,

Furthermore, the author intends to extend these theories
from smooth flow to turbulent flow and verify the validity

of the equations that are in use currently.



Chapter III
THE THEORIES OF E. C. MASKELL AND C. F. COWDREf

3.1 MASKELL'S THEORY

This is the first theory proposed for bluff bodies which
attempted to explain the mechanics of blockage due to rigid

boundaries and set them in a mathematical equation.

3.1.1 . Properties of the Wake Created Behind a Bluff Body

Fail, Lawford and Eyre [13] conducted detailed experi-
ments on the wake characteristics of flat plates normal to
an airstream. Although the flow was unsteady, they found a
distinct mean flow structure little affected by aspect rat-
ios (ratio of width to height of the plate) or by shape.
_Eailr Lawford and Eyre state in their report: " As the
'éspect‘ratio is increased (from'unityi, the drag coefficiént
rises, the base pressure falls and the bubble rlength de-
creases. These changes are relatively small up to an aspect
ratio of 10; thereafter the changes with aspect ratio are.
more rapid.” and " It became clear from the early measure-

ments of Ref,l [Fail, Lawfdrd and Eyre] on square, circular

‘;
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and equilatéral-triangular plates that the flow_ggttern-waé'
little affected by the shape.” They conclude " The effects
of aspect ratio on drag,  base pressure and flow pattern are
small'up to A=10." | |

L

Fail, Lawford and Eyre find a tendeﬁcy. towards axial
symmetry for'the' wake further downstream with the drag-and
base pressure varying slowly at small aspect ratios. Their
typical example is the axially symmetric wake formed behind
a circular disk (c.f, Figure 3.1.1.la). Its main feature is
‘a closed "bubble"™ behind the plate. Figure 3.1.1.1a shows
the mean streamlines behind the plate,-the closed part'being
referred to as the "bubsle boun@ary“. The "wake boundary",
outside of which there is no loss of total head, lies out-
side the bubble boundéry (c.f. Figure 3.1.1.1b), Behind‘the
mid-length of the bubble, the wake spreads and a pressure

recovery occurs (c.f. Figure 3.1.1.1c).

Maskell found the clgséical model of tﬁe'bluff body wake
qualitatively consisten?lwith the ébode‘ fiﬁaings as it ade-
‘quately defines_the form of the inner boqndary condition on
the flow external to the wake, in the neighbourhood of the
body. This he deemed sufficient for the purposes of his re-

search.
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ﬁaskeli chese to represent the wake by the stream sur-
face ilTustrated in Figure 3.1.1.2. This extends downstrean
from the edge of the body and sustains a constant preésure P
as far as station 2 where the"cross—sectiongl area of the
wake is maximum. Associated with the constant pressure p is
the constant velocity kU where U 1is the velocity of the un-

disturbed stream.

Although the shape of the constant préssure surfaée is
unknown and no theory is available to account for the magni-
tude of:the factor k, the %%sence of the problem is to ob-
tain a quantitative estimate of ‘the effect of wall const-

raint on k.

03.1.2 Invariance Under Constraint

Maskell's basic assumption was that the wall constraint
could be eguated to a simple increase in thé velocity of the
~undisturbed stream. This implies that .the form of the pres-
sure distribution over the body 1is invariant under const-
raint meaning that if P is the pressure at any point (y,z)
on the surface of the body, and H is the total pressure of

the undisturbed stream, then

S=H— = {53 .
H- o, independent of constraint

e
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Given that H-p, = k*q, where k? =-1-Co, » 'C?; being' the

‘base pressure coefficient and q being the dynamic pressure

of the pndisturbed stream, it follows that
.

Cp | |
-"(—1" = CONSTANT,

Egn 3.1.2;1

independent of boundary constraint, where Cp is the drag
coefficient D/gqS, and S is the area of the body perpendicu-
lar to the flow. By exténsion, the corrected velocity U. of
the unlimited stream which‘gives rise to a pressure ﬁisfri—
bution identical to that observed is such that k.U, = kU.

Hence

U’

L _ S
2 2
k. Cy

< Eqn 3.1.2.2

Maskell tested the validity of the relation given in
equation 3.1.2.1 by wind tunnel tests on drag and base pres-
sure on a set of sharp edged sqguare plates. The results,

found in Maskell's report suggest that

L _ 837
kz

for different sizes of square plates (Figure 3.1.2.1).
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This is in agreement wfth the relation expressed in
equation 3.;.2.1_whére the rat1o of drag coeff1c1ent to k*-
is constant. Hencé‘tbe.experiments supported the interpreta-
tion of the wall_coﬁstraint as an effective increase in

stream velocity. -
& |

Kxue;éil.3 Conservation of Momentum

Maskell chose the control surface illustrated in Figure

3.1.1.2 as the control section for the conservation of mo-
mentum. The control surface is bounded by the solid walls of
the wind tunnel, the face area of the - body, the constant
p%éssure surface along' the effective wake, and two planes
norﬁal to the undisturbed Qelbcity vector --- plane 1 lying
upstream of the body, and plane 2 located where the cross-
sectional dimensions of the wake bubble are greatest. Choos-
ing u, v and w as orthogonal components 6f velocity with u
in the direction of the undisturbed velocity U and with
suffices 1 énd 2 respectively, .conservation of momentum in

the fluid pa551ng through the control surface requlres that
D*?bB )rj (?"’j’“-)clrc'}

—IJ-C-B f?z*f“f)"‘ﬂ} Egqn 3.1.3.1
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where D is the'total drag on the body,

C is the- cross sectional area of the wind tunnel
and,

B is the cross- sectlonal area of the effectlve
wake at’ the downstream plane 2,

Slnce the flu1d is outside * the wake, Bernoulli's equa-

tlon gives : ‘ '

H

L |
’ﬁ*%f(ufwfw¢)=ﬁf%fh¢H¢+%J
. _ 2
:?+lf¢)
2
where P and U are the pressure and velocity in the undis-

tdrbed stream respectively.

Equation 3.1.3.1 may be written as

_'(?'%JB +1fL)B-+ﬂ' fu,#d}
Hﬁc- Tpus dy AD’ H Jif("ffw:)%ﬂy
S 47wy |

| ' Eqn 3.1.3.2

Fail, Lawford and Eyre [13] suggest that the wake in the
neighbourhood of plane 2 will be fairly axi- symmetrlc for

k!
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. Mmost three-dimensional bodies. Hence as plane 1 lies ﬁap'up-
_stream, . the contribution of the last two terms in eguation
3.1.3.2.§ill be negligibly smali.‘ The same conclusion holds
for two-dimensional blufE. body flow therefore equation

3.1.3.2 can be reduced to _

2% . | ‘z
l D=.%kaB +J"5'C-12-fu dy dy
e :

_ij_szfu: &jd} . -

. . .
Eqn 3.1.3.3

- . .
. . { kl -
since Tb+zf U | P+%fu

.t u

Now letting u = U\i“yf : . :
. _ WY, :
. . uz.__ U - ‘-

1
rd

' w}?ere I-SC KU.: Aj c{} = Ifc:‘—s u;_ A‘j A,} = O' ’

A

so that U is the mean velocity over plane 1 (where the air-

.~ flow is undisturbed) and U, is the mean velocity.over plane

2 outside the wake.

113

Then for continuity,

s
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I

ue = U, (¢™-B) Eqn 315

and equation 3 1.3.3 may be wrltten as

De-fu kB—1faUB( C)'

*ff f'"‘“‘ﬂ;w ST

Egn 3.1. 3.5

As we dre dealing with smooth flow (i.e. little or no
turhulence) and u! and u} are the ﬁelocity fluctuations from
"their respectiQe mean velocities U and Uz, we can assume
‘that u}-and u; are negligibly small so that the integrals in
equation 3.i.3ﬂ5 can be neglected. By 61V1d1ng_-the drag
;oefficient in equation 3.1.3.5 by ‘fu=szz, we obtain the

following solution for the drag coefficient Cj.

CD-"—E-)-[k:—J-———] Eqn 3.1.3.6
<\r S - 1-3/c | =an
Legting m=B/S, equation 3.1,3.6 becomes
gCD = m- kz - _1__....._
4 1-mS
L <
(2 o 1-ms + (ms)
- - - m =1 N
-' m C ( C-) -.\\\_,_//l

3
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| Taking (mS/C)? as being négligibly'small,‘ Maékell dis-
© missed it from the equation arnd thus obtained
€ = m[i-i-m] G
- ‘ - ’ .C Eqn‘3nl.3|7
3.1.4 Distortion of the Wake
t - %

Setting S/C = 0 in e§uation 3.1.3.7, a relation between
Cp, . keand m; appropriate to the equi#alent unlimited stream
is obtained.

Using equatfon 3.1.2,2 and 3.1.3.7 we get the following
. relation

r
t

C'D _Cng _m (kz"1"m.§_)
kz - k:. - qu C ¢
= Mg (KE‘T) — CONSTANT
K "
- Iﬂ:(kz"1)
n, k? y

Eqn 3.1.4.1.

v

The equations 3.1.4.1 are not sufficient toc define the

blockage effect complétely as they do not take into account

the distortion of the wake under constraint.

+

-
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From equationsfgfz.4.l, constraint gives rise ﬁo disﬁor-
~tion of the wake with the ' pressure distriSution over the
body and k remaining invariant. This means ‘that m. takes
the value m* and the'blockage velocitf is zero., 1If no dis-

tortion were present then-
h’\.:=m

’
'

which when combined in equation 3.1.4.1 gives

CD - _k_z_ - 1+ C:Dc.

S .
— - 7 — '_-_'A
Cr. k& - ke -1 ¢C Eqn 3.1.4.2.

Maskell found this last equation to underestimate Cp by

20 percent and thus attempted to set an empirical relation-

ship between m_ ané-m}‘

From experimental work, the relationship between m., m

« | ,
"and m” seems to be on the order of .
. :

. * .
m, >m >m
‘-

. L - . _
This inequality is such that all parameters tend to the

same value as the ratio (m - m¥)/(m.- m*) tends to 1. This

.

last ratio is inferred to behave in the same manner as the
contraction ratio (C-B)/C of the external stream in the lim-

it §/C tends to . 0.
/\ ..

f
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Thus assuming

' II

and reducing it using equation 3.1.4.1 to

m _ 1 - Cy - C'.Dg é
m, (k-1 (k2-1) C Egn 3.1.4.3
: J

neglecting as before the terms of order (S/C)?2,

3.1.5 . Blockage Correction

From equation 3.1.4.1 and 3.1.4.3, it ‘follows that

2 . | 2
_k_ =1+r & s + TERMS OF ORDER 52?
kz k2-1 C C
c

Eqn 3.1.5.1

Hence the effect of distortion is to replace C, in the

correction term of equation 3.1.4.2 by the measured C,.

An altennativg method of expressing this is to write o
for the dynamic pressure and using equation 3.1.2.2 to ob-

tain
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~£ab—: £Cy § ‘ '
9 , c Egn 3.1.5.2
where Aq = Qe -~ q is the effective increase in dynamic pres-
sure of the undisturbed stream due to constraint, CpS/C is

the usual wake blockage parameter, and where
- - . L

Eqn 3.1.5.3

o

is the blockage factor for the bluff body flow.

In order to find € ,'given measufed values of k and Cyp,
it is necessary to find k? from ‘equation 3.1;5.1. Maskell
ﬁéund that replacing k2 in equatioh_ 3.1.5.3 by kf was not
sufficieﬁt and thus developed aﬁ iterative solution of equa-

tion 3.1.5.1 using the formula

2 2 ' Cy S
(kc),,:' k[1+ (ki):_1—1 DE]

Egn 3.1.5.4

where (kl)n is the nth approximation to-kZ,
and where (k?) = k2,

[+]

Thus the measured values of drag and pressure coeffi-
cients can now be corrected to the effective dynamic pres-

sure q_, according to

Egn 3.1.5.5



Hence from equations 3.1.5.1 and 3.1.5.5

kc2_1 - C . C

C;n'
1+eCy 9/c

Cs, =

where varies with the aspect ratio of the model

to Figure 3,1.5.1.

o

Sl 1w TGS | 1+eCS
Co.

’
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according
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3.2 COWDREY'S ,THEORY
I

The theery of wind tunnel blockage developed by Maskell

was largely 1nfluenced by his interest in the wall interfer-
’

ence effects on large delta wings at hxghé§pgles of inci-
dence., This is the reason why he concentrated mainly on thin

flat plates set normal to the wind direction.

As there was no reason to suppose that the theory could
not be applied to a broader range of bluff bodies, Cowdrey
\ggcided to apply it to large models in the form of rectangu-

lar'blocke.

The model used by Cowdrey was a scaled down version of a
power-station boiler house in various stages of erection.
Large blockage correEtions on the order of 30 percent were
required and seemed to agree with the measurements made on a
smaller model as Cowdrey [7] states: Ny++ @ re-examination
of the theory, together with some measurements on a smaliler
model of the completed building, showed that the reéuired
correction was substantially the same as that required for a
flet plate of the same shape as the front face of the model.
Furthermore, the same correction applied for angles of inci-

dence up to roughly 10°."
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3.2.1 Derivation of the Blockage Equation

i

The same assumptions as those made by Maskell (c.f. sec~
tlon 3.1) are used by Cowdrey, namely that for thin flat
plates normal to the wind dlrect1on , the static pressure.is
constant and equal to the base pressure over the expanding

part of the wake bbundary [13].

Thus Cowdrey obtains the fellowing relétionship (for

more details, see ref, 7 ):

1- m 1
C . h‘\.,) mo 1"M_S. )

:Dc. c Eqn 3.2.1.1
where ki is the ratio of the velocity at the wake boundary
to the free stream veldcity (= 1 - Cow): m is the ratio of
the cross-sectional area of the wake to the cross-sectional

area of the model and the suffix e indicates zero blockage.

3.2.2 Determination of m and m/m,

As there is no information available concerning the size
of the'wage shed from blruff bodies of significant depth, the
values of m and m/m, have to be evaluated from an experimen-

tal point of view.
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If it can be assumed that the size of .the wake is little

affected by the blockage, “i.e. m/m, = 1, then equation

3.2.1.1 would be reduced to a very convenient and compact

form of

Cy 1

—

Co.  1-m 3y _ | Eqn 3.2.2.1

;
/

This was Maskell's cons;deration when he used the equa-

tion 3 . § -

e

c .
! ‘ 1 Egn 3.2.2,2. -

which is an approximation of equation 3.2,2.1 as the term of
order (mS/C}* is neglected. He compared a calculated value
of Cm/cn with the value estimated from tests on flat plates

of dlfferent sizes and found a difference of about 2.5 per-

cent. The.inclusion of the (mS/C)? term in equation 3.2.2.2°

would seem to account for most of this error. Thus the dis-

tortion of the wake must be negligibly small.

Hence the assumption that m/m, = 1 is reasonable,

4

Unfortunately, there is no similar evidence available to

help in determining the value of m. The term m need not how-

o
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ever be found ﬁith4great accuracy as S/C is unlikely to be
greater than 0.10 according Eo Cowdrey and, as Maskell has
shown, the value of m for flat plates of small aspect ratio
is approximately 3.1. Cowdrey further assumed the vélue of m
for large bluff.bodieﬁ is the same. as for a thin flat piate

- of, the same shape as the front of the model.

... it seems reasonable to suppose that where
the amount of solid in the wake shed from the flat
front syrface is not too large, the effect upon
the width of the wake will not be excessive., This

. would su@gsst that the value of m may not be very
different ™ from that appropriate to . a thin flat

plate of the same shape as the front face of the

model, namely 3.1. ‘ ~

. -~ -. -' . G-
- Good agréementlfor angles of yaw up. to 10° is found when

the measured forces are corrected for blockage bf multiply-
ing by the factor (1 - 3.1 s/c). This is found if Cowdrey's

results,

3.2.3 Variation of m = Cp /(k?-1) with the Shape of a Flat
Plate , -

Using values of Cp. and C?h measured 