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FLOW 1IN NESTS OF TUBES

BRIEF ACCOUNT OF RESEARCH AND RESULTS

Experiments were carried out with nests of cylindrical

tubes arranged in rectangular and staggered formation,

Curves showing the variation of total resistance of a
nest with varying velocities were obtained for the flow of
air and of water, By the aid of specially designed Pitoﬁ
tubes the hydraulic loss through a nest was explored and
curves were obtained showing the longitudinal and transverse
distribution of velocity of the fluid between rows of tubes,
The pressure distribution at the surface of several of the
tubes was determined and the form drag on tubes of various
rows compared, From these curves an estimate of the total
fonﬁ drag was obtained and this is compared with the total

hydraulic resistance,

In some of the experiments a transparent box with the
air flow coloured with smoke was used to study the formation
of eddies at the back of the tubes and the genersl flow
pattern of the fluld stream between the tubes. These
results were confirmed and studied in greater detail with

the aid of an Ahlborn tank using aluminium dust as an



indicator, By the latter method the effect of rectangular
and staggered arrangements of tubes was studied and the
effect of variation of spacing of the tubes explored, An
insight into the nature of the eddying motion was derived
and in one case the difference of using tubes of elliptical

instead of circular cross-section was examined,

The theoretical velocity distribution of the fluid as
it converged between the first row of tubes was investigated.
This was qarried out in a shallow electric tray with a uniform
drop of E.M.,F. from one end to the other. Large discs of
paraffin wax were used to represent the tubes and the long-
itudinal and transverse velocity distributions in the gap were

ascertained,

The results were correlated with the work of other

investigators in the various problems encountered.



SCOPE AND ATM OF THE RESEARCH

The research was carried out in the Engineering
Laboratories of King's College, Strand, and The City and
Guilds, Imperial College of Science and Technology, South
Kensington, from 1931 to 1936, The work was carried out
under the guidance and with the collasboration of Dr.C.Masey
White,

The object of the research was to lnvestigate the flow
of fluid over the outside of tubes arranged in a nest; to
determine the distribution of the velocities and hydraulic
losses and to ascertain the effect of variation of spacing-
of the tubes, It was also desired to obtain some knowledge
of the "flow pattern" of the fluid as it traversed between
and around the tubes and to gain some insight into the structure

of the eddies formed at the back of the tubes.

The field covered has a bearing on the design of nests
of tubes used for the transfer of heat, The data obtained
should be of assistanqe in striking that compromise between
excessive pumping losses on the one hand and high intensity
o’ heat transfer on the other, which is so essential in most
heat transfer plant. Further, the information, pérticularly
that regarding the flow pattern, may be suggestive in the
design of plant for air and flue gas purification by film

washing and in the control of soot deposition.



The experimental work falls naturally into three sections:

(a) Exploration of static pressure and total energy with
the aid of Pitot tubes.

(b) Efforts to render the flow visible: examination of the
eddies through the walls of a celluloid box and investig-
ation of eddies’and the determination of flow pattern in
an Ahlborn tank,

(c) Determination of the longitudinal and transverse velocity
distribution of the fluld as it converged between the first
row of tubes. This was carried out in a shallow electric

tray.

As far as possible the simpler deductions and conclusions
from the experimental data are given immediately following the
data, but a great deal of the more general discussions is
based upon the whole of the experimental evidence and so appears

in later sections.

To facilitate cross references from section to section, the
decimal system of paragraphing is used, All diagrams and
tables are numbered in 2 matter similar to the paragraph in
which they are first mentioned, the diagrams appearing in the
text while the various tables are placed together at the end

of the thesis.



List of symbols,
A 1list of symbols is given together with the

dimensions in c.g.8., units,

Appendices.
Explanatory work which would distract from the main

theme has been relegated to appendices.

Bibliography.

A bibliograph qf the outstanding literature on the
subject is included, This is arranged alphabetically
under a subject index, the simpler treatments of the

sub ject being mentioned first.

Index.

The work finishes with a brief index.



LIST OF SYMBOLS

A = pgrea - Cms2
a = digtance of P from Kj - Cms
Appendix No,3

b = it ff Pl 1 K2 - Cms
B = Length shown on figure Appendix No,5 - Cms,

1
C (Chezy formula) = a friction coefficient-CmsZ® Sec3l
C = a dimensionless turbulence coefficient defined by

€ = Cxwhere { 1s Prandtl's "mischungsweg"

_ P coefficient of resistance - dimension-
n d 1'_r’f.l VN.ma_x

less, Hentical with ——— the average form drag
A VN max

o
]

coefficient.

diameter of tube (1.27 Cms. for tubes in the nest)

internal diameter of standard Pitot - Cms
Section 3,3

external 1 u n " - Cms

= 1length of gap = 0,648 Cnm,

acceleration due to gravity - Cms Secs?

R @@ & o o
o)
1n

Hg barometric pressure in inches of mercury
h = head of water « Cms.

i (Chezy formula) = energy slope-dimensionless.

K = circulation - Cms,? Sec3l
1 = 1length of tubes 15.24 Cms,
1 = Prandtl's mischungsweg =~ Cms,

m (Chezy formula) = hydraulic mean depth - Cms.,

n = number of tubes in nest 24 for parallel arranﬁement
42 " stagdbred
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P = Force exerted on tubes = Grams.Cms.Sec.“2
p = Pressure intensity -~ Grams.Cms.-l Sec.-2
pé = longitudinal pitch -~ Cms.
Pty = <transverse pitch -~ Cms,
Q = volume of fluid flowing through the gap per second
Cms.® Sec,~l - Appendix No.4

= velocity - Cms. Sec,=1
R = radius of a circle - Cms,
Re = Reynolds' number = VN'#fx’d or Voud - dimensionless
3 = length shown on figure Appendix No.5 =~ C(ms,
U =2 veloclity -~ Cms,Sec.~L
U = wvelocity in main stream outside boundary layer - Cms Sec1

= velocity within boundary layer - Cms,Sec.™t

= velocity -~ Cms.Sec.~1
Vo = Vyinimum = original velocity in the undisturbed

stream - Cms,Sec.~l
VN,max £ Nominal maximum velocity in gap - Cms.Sec, =1
= Vo.Transverse‘pitch
Gap
Vyy = mean velocity in the gap =~ Cms.Sec.“l Appendix No,.4
Vi :1; z?W where gy is the shear stress on the dead water
" This has the dimensions of velocity Cms.Sec, "L

b d = distance on surfage of tube from upstream generator - Cms.
x = distance downstream from origin where mixing begins =~Cms.

i

distance measured across the stream - Cms,
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IIT

an angle in figure, Appendix No.2 = dimensionless.,
a very small fraction - Appendix No.5 = dimensionless

distance of Pg from K3 =~ Cms
Appendix No.3

n n

P2 " Kg - Cms

resistance coefficient in alternative formula Section 1,6
- dimensionless,

thickness of the boundary layer - Cms,
effective thickness of boundary layer - Cms,

angle, generally measured from upstream generator -
dimensionless.

viscogsity =~ Grams Cms,™ 1 Sec.”t

kinematic viscosity - Cms.2 Sec,™t

341416

density of fluid =~ Grams Cms.=9

tangential drag ~ Grams. Cms.~l Sec.=?

average tangential drag - Grams.Cms.”l Sec,™?
tangential drag on dead water region -~ Grams.Cms.’l Secfz
velocity potential - Cms.2 Sec,~1l

an angle <« dimensionless |

stream function - Cms.2 Sec."1

an angle ~ dimensionless.
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1. INVESTIGATION OF THE HYDRAULIC RESISTANCE

OF NESTS.,

1,1 Description of the nest of tubes.

Figure 1.1 shows the detaills of the nest of tubes, With

the staggered arrangement this consisted of 38 tubes and 8

half tubes, The tubes were 1,270 cms, diameter and 15,240 Cms.

long. They were arranged at the apices of equilateral
triangles thus forming seven rows of six~tubes each, The
parallel arrangement shown in Figure 1,1 was obtained by
removing the second, fourth and sixth rows. The tubes were
contained in a box composed of brass plates. The internal
cross-section of the box was 15,240 Cms, by 11.509 Cms. The
tubes pass through holes in the tube plates and the joints
were made water tight with rubber anchor rings secured by an
outer brass plate,

The box was of sufficient height to ensure the flow
being parallel to the walls when the stream impinged on the

tubes.

1.2 Method and result of testing with water.,

Figure 1.2A shows the arrangement of the nest when
prepared for testing on water,
The water passed through the Venturi meter and then

vertically downwards over the nest of tubes, With this
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1.2

arrangement it was possible on low rates of flow to create
a partial vacuum inside the nest, This resulted in air
being drawn into the apparatus, In order to prevent this
an ad justable cone was fitted in the outlet pipe and a
manometer tube containing mercury was fitted to the inlet

tube as shown on Figure 1,24,

Small pressure holes (0,081 Cm, dlameter) were drilled
in the side of the box in front of and behind the nest of
tubes, Short lengths of brass tube were soldered to the
wall of the box over these holes and they were connected by

rubber tubing to a differential manometer tube,

The results are given in Table 1,2B and are plotted in
Figure 1,2B, In this figure the logarithm of the

coefficient of resistance et = P S
ndl R VN.max

is plotted against the logarithm of the

Reynolds' number Re = VN.max 9

V
where P is the total hydraulic resistance

n is the number of tubes, viz, 24 for the parallel
arrangement and 42 for theistaggered arrangement.

1l is the length of the tubes, viz, 15.25 Cms.

[ is the density of fluid

Vi.max 1s the nominal maxiumum velocity. i.e. original

velocity of stream multiplied by 2,96
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d is the diameter of the tubes 1,27 Cms,
V is the kinematic viscosity of fluid.
This curve is represented by c = 2,462 Rg -.24
The hydraulic resistance and the flow pattern will
largely be determined by the maximum velocity in the gap
between adjacent tubes, The actual maximum velocity will
depend upon the thickness of the boundary layer on the
surface of the two -tubes, This thickness is not usually
known and therefore a term called the nominal maximum
velocity has been introduced, This is the assumed velocity
in the gap, based on the assumption that the velocity
distribution across the gap is constant, This is represented

by VN .max and is the initial velocity of the stream

1tiplied b t transverse pitch ,
multiplied by the ration A rqrr—of gap

1,3 Method apd result of testing with alr,

Figure 1.3A shows the general arrangement of the

experimental plant when investigating with air flow,

The air was drawn into the apparatus through a converg-
ing mouth-piece by a No,3 high pressure Sturtevant fan., The
rate of flow of air through the apparatus was measured by the
difference in pressure of the atmosphere and that at the
first pressure hole ahead at the negt of tubes, This

pressure point was connected to a glass manometer tube of



1.5

1.4 Cms, bore through a four-way cock and the pressure
difference when the manometer tube was open to the atmosphere

or to the pressure hole was read by means of a cathetometer,

This method was found satisfactory for the numerous
experiments at constant air speed, corresponding to a
cathetometer reading of 1,17 Cms. of water, but for the
variable gspeed tests where much lower air velocities were

used the head was determined with a Chattock tilting gauge.

Although the distance between the outlet of the nest and
the inlet of the fan was 58 Cms., it was thought that the
angle of the vanes of the fan might have an effect on the
direction of flow in the nest. In order to obviate this
possibility a honeycomb 8 Cms. long was inserted in the
outlet of the nest. - This divided the exit air into streams

1l.27 Cms, x 1.27 Cms. cross section.

The total resistance of the nest when containing seven
rows of tubes with the staggered arrangement and also of four
rows with parellel or rectangular arrangement was determined,
The results are given in tables 1,3A and B, Minor ad justments
are involved due to changes in the atmosphere temperature,
pressure and humidity. These are explained in detail in

appendix No.l.

To assist in comparison, the results are plotted on
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Figure 1,2B, The curve for the staggered arrangement
with air flow is represented by the equation:

-.24
c = 2,672 Rg

while that for the parallel arrangement with air flow

¢ = 1,395 Rg™*1%°

l.,4 Comparison between results with water and with air

From Figure 1,2B it is seen that the test points for a
test with water and those with air definitely do not conform
to a single curve. There is no reason to doubt the actual
measurements since in each case results were confirmed by
independent repetition at different periods of the research.
The nest of tubes used was the same for both fluids though
naturally it was taken apart from time to time for cleaning
and inspection, It would seem that the different inlet
arrangement in the two ﬁases caused the discrepancy between
the air and water results. With the latter fluid the
arrangement shown in Figure 1.2A was far from ideal, Never-
theless it is surprising that it should cause a difference
so large as 7.9% of the air resistance, Further, any effect
of inlet conditions might, at first sight, have been expected
to be confined to the first row of tubes, Actually it was
found that the water value for the first row of tubes agreed

very satisfactorily with the air values and the discrepancy
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appears to be mainly in later rows.,

Whatever the explanation it seems advisable to restrict
attention to the air experiments which were much more

comprehensive and also contained much self-checking evidence,

1,5 Analysis of total resistance, relative importance of

the various rows of tubes.

At a later stage it is shown by measurements of the
pressure distribution around individual tubes that the first
row behaves in an anomalous manner and its resistance
coefficient did not vary appreciably with Reynolds' number,

Its value was about 0,42 both for the staggered and rectangular
arrangements., The resistance for the first row is seen
plotted towards the top of Figure 1.2B. This row is seen

to have a resistance very much greater than the average for

the whole nest,

The other rows, notably the second and third, also had
individual characterigtics, but the deviations in these cases
were of a small order, It is convenient therefore to sub-
divide the resistance of the nest into two main parts; that
due to the first row and that due to subsequent rows.

On subtracting the value of the first row from the total
for the whole nest an average value for the later rows 1is

6btained and this could be used in estimating the resistance
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of a nest with a different number of rows of tubes.

The results are approximately represented by the following

where ¢ = 3 for the total resistance of the

ndlpzg V2N .max

4

nest and the average form drag coefficient

5)V2N.max
for the various rows.
Parallel Staggered
First row ¢c = 0,305 Re°032 c = 0,305 Re'052
Average of subsequent ¢ = 2,678 Re-.22 c = 3,845 Re“zg
rows
-,24
Fourth row ¢ = 3,465 Rg
Sixth row ¢ = 2.580 Ry™*24
Average of four rows c = 1,395 Re-'I%S
" " seven " air c = 2.672 Re”'24
" 0" yagerp ¢ = 2.462 Ry"*24

The range over which these experimental laws apply can be

seen from Figure 1,2B.

It is rather surprising to find that the exponent for
the subsequent rows of the staggered nest is so similar to
that for the parallel arrangement. In both cases the
influence of the Reynolds! number is much larger than
experiments with roughened pipes would suggest, particularly
in the case of the parallel arrangement which may be

regarded as an extreme case of a rough pipe. In a roughened
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pipe, however, the protuberances are arranged in a non-
systematic manner and the possibility of major pressure
recoveries behind them hardly exists. In the present .
case, as shown later in Figure 4,2, such recoveries do

take place and play a large part in determining the general

pressure gradlent through the nest.

The resistance of "subsequent rows" for the staggered
arrangement is 30% less than that for the parallel, This is
later shown to be almost entirely due to differences on the

upstream faces of the tubes.

1.6 Alternative method of expressing resistance of nest.

The method of reduction utilised in the preceding
subsections follows the well-known idea of reducing
frictional forces to a dimensionless coefficient of the
type 7§L§—— and studying the dependence of this
coefficient upon the Reynolds' number, During the past
thirty years this method has been universally adopted for
fluid friction problems. It is convenient from the
experimenter!s point of view since in the laboratory "V" is
usually one of the known independent variables., In
engineering practice the permissible pressure drop is the
known factor, while "V" becomes one of the unknown dependent

variables. For this reason it is desirable to adopt some
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method in which "V" appears in one only of the two dimension-

less arguments,

In the very early days the Chezy resistance formulae
v =<3V;;§T was widely used and possessed the above
advantage.' This form is again appearing in connection with
the Pradtl-Karman theory of pipe resistance, This leads to
a resistance law of the type.

Ve wVBEmML cevvverniinana(l)
where ¥ 1s a resistance coefficient depending upon a Reynolds!
number formed out of the pressure gradient rather than out of |
the velocity., e.g. for flow in circular pipes

N ¥ = 21og10/o\f i’lﬂd - 0.8 .....(2)
where 1 is the tangential drag per unit area of the wetted
surface. It will be observed that "V" does not appear on

one side of the formuls.

For purposes of transformations it may be noted that

equation (2) is conveniently written
2( = 2 10810 _E_{E - 0.8
5

To adapt this line of thought to the resistance of a nest of
tubes it is merely necessary to define the resistance

coefficient as

v, ndl
P

1
which is in Figure 1.2B,
Ve
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The necessary change in "Reynolds! Number" is to multiply

by Yc giving VN.max 4 x P
v ndlp Vg ..
which equals \/_E_Qu%_~ and this is used as the
n 1

abscigsa in Figure 1.6.

Here an approximate linear relation is observed and the
resistance laws are conveniently written as.

Parallel arrangement:

1 .2 S~ '
7:— = 3,08 log 10 Rev-(; + 0,39
- _1
= o0z 198 19 Rezc + 0,39
i.e.
v ndlgr = _1 P 4das
/
Staggered arrangement:
1 ..
Ve | T.738 10810 Re ye - 0.5L
1 2
- ’5:"4"’6"4' 10g10 Re Cc - 0051
Hee kaip . _1
v +In A P da~ ,
N.max\/ P = 3,262 loglom - 0,31

It will be noticed that in Figures 1.2B and 1.6 linear
relations have been adopted, In both cases it is probable

that the true relations should be represented by curves,
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1.6

but it is more probable that the curvature is less in
Figure 1.6. If it 1s necessary to extrapolate beyond the
experimental points, it is safer to use equations associated

with Figure 1.6,

1.7 Comparison with the results of previous investigators.,

A survey of this subject has been made by Chilton and
Genereauxynwhq attempted to correlate the results of seven
investigators, These experimenters had all worked with
staggeped arrangements but with different pitch - diameter
ratios, Chilton and Genereaux were unable to obtain a
perfect correlation although they had tried a wide variety
of different forms of coefficients and basis for Reynolds!

numbers.

They do not appear to have considered the present
method which appears to be slightly more logical and

satisfactory than the one they recommend,

Chilton and Genereaux recommend a coefficient which is,
in fact, given by
f (Chilton) = ¢ x <% where d = diameter of tube

<P
p = transverse pitch

3 3 gap
and they express this as a function of Rg x Tube diameter

(1)chilton and Genereaux. Contribution No, 127, Experimental
Station.E.,l1. du Pont de Nemours & Co.
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Figure 1.7 shows the results of the seven investigators
quoted by Chiltoh and Genereaux when reduced to the present
method as used in Figure 1.2B. The "scatter" seen appears
to be due to uncertainties of measurement‘rather than to
geometrical arrangement or number of rows, In particular
the values given by Dehn seem inexplicably high, In fact
they are greater than that of an isolated cylinder and this.

appears to be sufficient ground for discounting his results,

The results of the several investigators are somewhat
high, in some cases partly due to the few rows of tubes
and possibly also to the different geometrical arrangements,
but mainly, no doubt, to the difficulties of experimental

measurement,

It may be noted that the present resistance values
are independently checked by the form drag diagrams,
Further, the rate of air flow received independent
confirmation, at least with the rectangular arrangement,
by the values of the pressure observed at the points of
maximum constriction, which may be regarded as miniature

venturi meters.

With regard to the rectangular arrangement, Reiher
with five rows of tubes obtained the very low value of

c = 0.21, This is not supported by the present results,
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where "c¢" is well in excess of 0.3 even at higher Reynolds!
numbers, This 1s definitely higher than with the staggered
arrangement, It appears to show thaﬁ the conclusion drawn

by Chilton, Genereaux and others, that rectangular arrangements
have less resistance than staggered arrangements, is erroneous,

or at least applicable only in particular cases,
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2. INVESTIGATION OF THE LACK OF SYMMETRY OF FLOW OBSERVED

IN STAGGERED NEST,

2,1 Discovery of asymmetry during experiments with water.

It was thought that the determination of the pressure
distribution around the surface of the various tubes would
prove a sultable starting point for the investigation of
the pressure and velocity distribution throughout the nest,

The experiments were carried out in a manner similar

to those_of Fage(l)

on a circular cylinder in a wind tunnel,

A hole 0,0865 Cm, in diameter was drilled radially in the
centre of a length of the same brass tubing from which the
nest of tubes was constructed, One end of this tube was
closed and a graduated scale reading to 0.5 of a degree was
attached to indicate the angular position of the hole, The
open end was attached to a manometer tube, This exploration
tube could be made to replace any of the original tubes in
the nest and it was of such a length that the pressure hole

could be near the front or back wall of the nest or placed

in any intermediate position,

(1page. R. & M, No. 106 - 1913-14, p.65.

(Note: R, & M, refers to Reports & Memoranda
of the Aeronautical Research Comnmittee,)
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Since the angle subtended by the diameter of the hole

at the centre of the tube is about 8°, there arose the
question whether it was sufficiently accurate to assume that
the pressure recorded in the manometer tube was that at the
centre of the hole, Thom(l)has suggested that it would be
more correct to assume that the. pressure inside the explor-
ation tube is not the pressure at the centre of the hole, but
that at a point half-way along the hole radius towards the
front of the cylinder, This would make a difference of 20

in the various readings.

When a very small exploration hole is used there is a
considerable time lag between the rotation of the tube and
the water in the manometer attaining the correct level
corresponding with the pressure at the surface of the
exploration hole, This causes uncertainty and possible
inaccuracy and it was considered advisable to use a hole of
0.,0865 Cm, diameter and to make the necessary correction on

the area of the form drag diagrams,

While determining the pressure distribution at the
surface of the centre tube of the third row from the top,
with the pressure hole 7 Cms, from the back wall of the
nest, a marked asymmetry was discovered in the curve,

Figure 2,1 A shows the pressure distribution, The continuous

(1) Thomo R. & Mo NO. 1194 - 1928, p. 1850



2.1

line is plotted from the pressure records (Table 2,1 A) and
the dotted line is the "mirror image' of this curve. This
shows clearly the lack of symmetry. Since the holes in the
tube plates of the nest were only marked off and drilled,
and not jigged, 1t was realised that slight inaccuracies in
the spacing of the tubes would exist, It was thought
possible that these slight differences in spacing might make
a large difference in the velocity of the water between the
various tubes and this might be the cause of the unequal

distribution of pressure,

In order to test this, the exploration tube was removed
from its original position and placed in the adjacent hole
on the left, the pressure hole being again positioned 7 Cms.
from the back wall, It was anticipated that any irregularity
Wﬁich had been apparent in the first position of 90C° would
now be rendered visible at 2700, Contrary to expectation,
the pressure distribution curve was very similar to that of

the centre tube and showed the same lack of symmetry,

2.2 Asymmetry of form drag diagrams.

Since slight variations in the spacing of the tubes was
not the cause of asymmetry, experiments were carried out to
see 1if the degree of asymmetry was the same throughout the
nest of tubes,

If the components of the normal pressure in the direction
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of flow are plotted on the projected diameter of the tube,

this gives the form drag curve,

It was found that the asymmetry was more clearly seen
on the form drag curves than on the curves of pressure

distribution on an angular basis,

Figures2,2 A and B show the pressure distribution and
form drag curves for the centre tubes of the 1lst, 3rd, and
7th rows, with the pressure hole in each case at a distance

of 7 Cms, from the back wall,

It will be seen that although the form drag of the centre
tube of the 1lst row is almost perfectly symmetrical, there is
an'increasing degree of asymmetry in the tubes of the 3rd

and 7th rows.

2,3 Asymmetrical polar diagrams,

If the stream of water as it passed through the nest
became deflected towards the right or left side of the box,
it would not impinge vertically on the tubes but at a
8light angle to the vertical, If this deflection steadily
increased with the passage of the water through the nest,
the angle at which the stream would impinge on successive
rows of tubes would increase progressively also, This
would be discerned clearly if the pressure distributions

were plotted on a polar diagram,
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2.3

Fig, 2.3 shows such a diag:am. In the case of the
centre tube, lst row, pressures in excess of thaﬁ at the
first pressure hole at the inlet of the nest are regarded
as positive and are plotted outside the base circle,
Pressures lower than this are regarded as negative and

- plotted inside the base circle,

With regard to the tubes of the 3rd and 7th rows, a
difficulty arises in that the true static pressure of the
fluid in the neighbourhood of these tubes is not known., It
was therefore assumed that base pressure for the 3rd row of
tubes was the pressure at the top of the apparatus minus 2/
of the total hjdraulic resistance, and that the base pressure
for the 7th row was the pressure at the bottom of the

apparatus,

It was appreciated that, while these assumptions probably
would be not far from the truth, there was no scientific
evidence in their support. However, the reason for plotting
the polar diagram was the determination of the angular
displacement of the respective curves and this is independent

of the actual pressure values,

From Fig., 2.3 it will be seen that while the pressure
distribution fcr the centre tube of the 1lst row is symmetrical

about the line 00 - 1800, the pressure distribution for the
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3rd row shows a slight angular displacement and the pressure
distribution at the rear of the tube of the 7th row is
displaced 10°, the stream apparently leaving the tube at 1900°,
This progressive increase in the degree of asymmitry from the
first to the last row of tubes suggested some lack of uniformity
at the outlet of the apparatus. The cone at the outlet
(See.Fig. 1.2 A) was very carefully adjusted so that it was
concentric with the centre line of the nest and that the
annular opening was of uniform width all round. The
experiment on the centre tube of the 7th row was repeated

and the pressuresrecorded are marked with crosses on Fig.2.2 A.
This appeared to have no appreciable effect on the pressure

distribution.

The outlet cone was bent so as to give a definite
irregularity at the outlet. Further observations of the
pressure were taken and these are marked with diamonds on
Fige. 2.2 A, All the points lie on the same curve, It
was concluded that whether the outlet cone was adjusted to
give an annular orifice of uniform width or not; or even
if it were bent to give a definite irregularity, it had
no appreciable effect on the pressure distribution on the

centre tube of the bottom row,

2.4 Asymmetry unchange by reversal of nest,

The next possible cause of the asymmetry which suggested
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itself was in the general arrangement at the inlet of the
apparatus, From Fig. 1.2 A it will be seen that immediately
over the top of the 1lnlet there 1s a sharp right angle bend,
It was thought that the effect of the centrifugal force on
the water as 1t passed round this bend might result in a
non-uniform velocity distribution across the inlet of the
nest, As the stream encountered the major hydraulilc
resistance in the nest, the distribution would tend to become
more uniform and this would necessitate a flow of water from
left to right in Fig. 1.2 A, Since this process of equal-
isation of the velocity would be progressive throughout the
nest, so, it might be expected, would be the progressive

increase in the.transverse component of the velocity,

The direction of the angular displacement in the polar

diagram gave support to this possible explanation,

In order to test this hypothesis, the nest of tubes
was rotated through 1800 with respect to the inlet, It
was anticipated that exactly similar asymmetry would be
present, but on the various curves it would be to the
opposite hand, For example, on the polar diagram it was
anticipated that the displacement at the rear of the last
row of tubes would be 10° before the 180° ingtead of 10°

after that position.
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Figs. 2.4 A and B show the pressure distribution and
form drag curves for the centre tube of the lst and 7th rows
with the pressure hole 7 Cms, from the back wall of the

apparatus.

Since on the previous results the pressure distribution
on the centre tube of the 3rd row always showed characteristics
between those of tubes of the 1lst and 7th rows, it was
considered unnecessary to carry out further experiments on

this row.

The distribution of pressure on the lst tube to the
right of the centre-line of the 2nd row, at a plane 7 Cms.
from the back wall, is included in these diagrams and further
reference is made to this when discussing the subject of form

diagrams in deteil in section’ 5.

From Figs, 2.4 A and B 1t will be seen that while the
curves for the centre tube of the lst row are symmetrical,
the curves for the 7th row still show asymmetry. This
asymmetry is not so marked as before but it has not changed

from right to left hand as was expected,

Since all the experiments in this section were carried
out with the pressure hole of the exploration tube at 7 cms,
from the back wall of the apparatus, it was realised that

with respect to the arrangements for the inlet of the water
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two variables had been changed simultaneously., Firstly,
the apparatus had been rotated through 180° and, secondly,
the plane of exploration had been moved from 0,62 Cm, on
one side of the mid-length of the tubes to 0,62 Cm., on the
other side, If the plane of exploration were to remain
unchanged with respect to the inlet arrangements of the
complete water circuit, the observations should have been
made with the pressure hole 7 Cms. from the-front wall
instead of that distance from the back wall, If this
relatively small movement of the plane of exploration were
the cause of appreciable change in the conditions of
asymmetry, then it was certain that the flow through the
staggered arrangement of tubes could not be considered to
be generally in the direction of the axis of the nest., It
would be probable that the mid-length of the tubes would be
a point of instability, or at any rate a position where a
small movement to the right or the left might make
appreciable changes in the angle of implngement of the
stream upon the tubes, That this was so was prdved by
experiments with air instead of water flowing over the

tubes,

2¢5 Asymmetrical flow with air.

Due to the increased convenience with which experiments

could be carried out with air flow, it-was decided to
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investigate further the causes of asymmetry of flow with this
fluid., For this purpose the nest was arranged horizontally

as shown in Figure 1,1.

Since the asymmetry was most marked on the last row of
tubes, the centre tube of the 7th row was particularly

examined,

Pressure readings at 09, 609, 909, 1809, 270° and 3000
were taken at planes 1,27, 3.81, 6.35, 6.98, 8.25, 8.89,
11.43, and 13,97 Cms, from the back wall., These are given
in Table 2,5 A and plotted in Fig, 2.5A.

By considering together the curves for 60° and 300° and
the cﬁrves for 90° and 2709, it appears that the air in the
nest has divided into two streams of practically equal width.
One of the streams is flowing over half the length of the
tubes with a slight upward angle, while the other stream is
flowing over the other half length of the tubes with an

equal but downward angle,

On the curves the maximum and minimum pressure readings
have been plotted, From these it will be seen that there
exists considerable instability at the centre of the tube

and stable conditions at the two ends,

In order to make certain that this dividing of the

stream was caused by the flow through the nest of tubes and
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that the asymmetry did not exist in the original stream as
it entered the nest, experiments were carried out with the
centre tube of the lst row, Pressure readings across the
length of the tube were taken at angles of 60° and 300°,
end these are given in the Table 2,5 B and plotted in
Fig, 2.5 B, These prove that there was no initial

irregularity in the stream and that the asymmetry at the
outlet was caused by the flow through the nest,

2,6 General conclusions with regard to instability of

staggered nests.

It had been hoped that the flow through the nest would
have been two dimensional and that the velocity across any
tube would have been approximately constant throughout a
large portion of the centre part of the tube. Due to the
boundary layer on the sides of the box, it was expected that
the veloéity of the stream at the ends of the tubes would pe
less than that over the central portion. Apart from this,
it was anticipated that somewhat constant conditions would
prevail along the major portion of each tube and that the
exploration of any one plane near the mid-length of the
tubes would suffice, and that the results obtained on this
plane would be typical of all planes except those near to
the front and back walls, The previous experiments had

proved that this was not so, and the problem now to be
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determined was whether this tendency for the stream to divide
was inherent in all staggered arrangements or whether the
particular spacing of tubes which had been chosen was con-
ducive to this form of asymmetry, Experiments in the
Ahlborn tank described in sectlon 7 were carried out with
spacing of these particular proportions and with more closely
packed and also more open spacing of tubes in staggered
formation, but in no case could it be said that the photo-
graphs showed that the main-direction of the stream as 1t
impinged upon the last row.of tubes was different from the

original direction of flow,

Here a fundamental difference should be noted between
the conditions of the experiments with the air flow over
the nest of tubes and those of the Ahlborn tank, In the
alr experiments the ratio of length to diamefer of tubes
was 12 to 1, whereas in the Ahlborn tank the ratio was 1.8
to 1, With such a small length to diameter ratio there
would naturally be much less tendency for the stream to

divide even if the Reynolds! numbers had been the same,

It was realised that with the staggered arrangement
and divided flow, the work of determining the pressure and
velocity distribution throughout the nest would be
prohibitive, It was therefore decided to reduce the nest

to one of rectangular tube arrangement. This was achieved
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by removing the 2nd, 4th and 6th rows of tubes and filling
the holes in the tube plates with small button-shaped discs

of brass.

Experiments were repeated on the centre tube of the
last (now the 4th) row, The results are given in Table 2.6,
Fig. 2,6 A shows the form drag curves at distances of 3.8,
7,6 and 11,4 Cms, from the back wall, These curves are
practically alike and symmetrical, From this it is seen
that with the recténgular or parallel arrangement of tubes
the general flow is always parallel to the axis of the nest

and there 1s no tendency for the stream to divide,

In much work of this nature, where large numbers of
pressure readings have to be taken and subsequently plotted,
the labour of recording the readings is considerable, and the
time involved necessarily great, In the present instance
the pressure records were made directly in the form of curves
without the intermediate recording of the readings. This

was achleved by means of the following device, (See Fige2.6 B.)

In front of the manometer tube was mounted a glass
screen capable of being moved horizontally, To the surface
of the glass screen squared paper was attached, At a
distance of 500 Cms. behind the manometer tube a parabolic

mirror and a 100 watt lamp were erected, The light falling
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on the empty manometer tube cast an ordinary shadow on the
squared paper. When the manometer tube was partially filled
with water the lower portion acted as a cylindrical lens and
focussed a vertical streak of light on to the squared paper.
By moving the glass screen sideways until this streak of
light fell on the appropriste ordinate and marking in each
case the top of the streak of light, any set of pressure

readings could be permanently recorded.

This greatly facilitated the investigation of pressure
distribution on the surface of the tubes and after the
completion of the'form drag diagrams for the paraliel
arrangement a renewed attack was made on the form drags

with staggered arrangement.

While the foregoing explanation of the stream dividing
satisfies to some extent the observed asymmetry of pressure
distribution, it leaves unexplained the reason why the
stream does not take the obvious direct path, From the
later experiments there was evidence of a tendency for the
asymmetry to be of the same hand from end to end of one tube,
This seemed too consistent to be explained as being due to
the fortuitous change-over of flow from one experiment to
the next, To test this, two form drag diagrams were taken'
simultaneously at the two ends of the same tube, which was

suitably equipped with duplicate preésure holes, Definite
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evidence was ohtained of the simultaneous existence of

left-handed asymmetry at each end of the tube.

In the light of thls the Ahlborn tank photographs were
re~examined and 1t was noticed that the dead water region lay
in a position of instability between the two adjacent tubes
of the succeeding row, It seemed possible that a slight
displacement of the dead water region would cause a higher
stream velocity and therefore a 1owef pressure at the side
to which it was displaced and the converse on the other side.
As a matter of interest an experiment was made in which a tin
plate dummy replaced the dead water region as shown in Fig,
2,6 C, As expected, a very definite instability existed and
it was only with great difficulty that the dummy could be
persuaded to remain central, The stable condition was with

the dummy well over to one or the other side,

This experiment was carried out on the first row of tubes
and such instability of the dead water region may be accepted
in complete explanation of the observed asymmetry in all
subsequent rows. The difference of pressure is of less
than 20% of the velocity head. This corresponds to a
difference of 10% in the stream velocity, an amount hardly
noticeable in the Ahlborn tank photographs,

Thus the complete picture of the cause of asymmetry is
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this instability, which in its turn may lead either to a
division of the stream or cause the stream to take a zig-zag

path throughout the nest,
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3, MEASUREVMENT OF VELOCITY DISTRIBUTICON ON A CROSS SECTION

BETWEEN 1st AND 2nd ROWS OF TUBES WITH RECTANGULAR

SPACING OF TUBES. PITOT TUBE CHARACTERISTICS,

3.1 Type of Pitot tube used and total energy curves obtained,

The experiments were iInitiated with the simplest possible
design of Pitot tube, viz, a straight tube of 0,320 Cm,
dlameter placed normal to the stream, with a pressure hole
0,092 Cm, diameter facing up-stream, Theoretically(l) in
an invisecid fluid the pressure excess at the up-stream
generator of such a cylindrical tube is 2pV2 and the
corresponding recorded pressure represents the total energy
of the stream, In actual fluids the effect of viscosilty

is to increase this pressure, but the experiments of Thom! 2)

show that provided the Reynolds! number exceeds 100 there is

no detectable deviation,

This arrangement is particularly convenient in problems
where the exact location of the Pitot opening is important,
Ag an illustration of this, the curve of total energy Fig.
3.1 A is given, In this case the Pitot tube was traversed
in a vertical line with its axis midway between the 1lst and

2nd rows of tubes, From the figure it will be seen that

Ty
(1) Glauert "The Elements of Aerofoil and Airscrew Theory", p.31

(2) Thom. R. & M. No. 1194 - 1928, p.183.
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the position of the pressure hole can be varied without
in any way altering the obstructive effect of the tube
itself. Further, this arrangement permits the side
walls to be reached and in this respect possesses the

advantage of the specilally designed Pitot tubes of Stanton!l)

The high total energy in the middle of the gaps was in
accordance with expectation, but the recovery of pressure
immediately behind each of the tubes required further examin~
ation, and it was not until after the work on the Ahlborn
tank had been carried out that the cause for this recovery

of pressure was discerned.

In 1923 Nisi and Porter(2) carried out experiments on
the velocity qistribution in eddies behind a cylinder in a
stream of air, From their experiments it was realised that
immediately behind the tubes of the first row there is a
region of quiescent air, This 1s followed by an area usually
containing two eddies, The eddies have their highest
velocity at or near their periphery. Two typical eddies
have been drawn on Fig,.,3.1 A. From this illustration it will
be seen that as the Pitot tube is traversed across the first
eddy the velocity of the eddy is, at first, in the same

direction as the general stream; a little later the pressure

Tiy&‘d:ant.on, Marshall and Bryant. Proc. Roy. Soc. A,
Vol., 97 (1920) p. 413,

(2)Nisi and Porter. Phil. Mag. Vol. 46. (1923) p. 754.
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3.1

hole is opposite a portion of the eddy where the velocity is
in the opposite direction to the general stream and reaches
its maximum velocity in this direction. At this point the
maximum negative pressure is registered. As the Pitot tube
is traversed still further, the pressure hole passes through
the region of quiescent air, Here the air is at rest or
moving at extremely slow speed. There is therefore no
negative velocity and the pressure as recorded in the
manometer tube recovers, If it could be assumed that the
air in this region were absolutely at rest the maximum
recovery of pressure would indicate the true static pressure
at the back of the tubes of the first row. This subject is

referred to later in Section 7.5 on the analysis of eddies,

It was thought that the relatively large Pitot tube
may have acted as an obstacle to the flow and increased the
size of the quiescent air region, It weas therefore decided
to repeat the'experiment with a Pitot tube 0.127 Cm, external
diameter (Fig, 3.1 B)., A short length of cobper tube of this
diameter was soldered into a brass tube 0,159 Cm. diameter,
The end of the copper tube was closed and a hole 0,033 Cm.
diameter was drilled about 2 Cms. from the closed end., The
brass tube was arranged to pass through a bush in order to
keep the motion vertical, It was appreciated that in the

case of the first Pitot tube of diameter 0,318 Cm, the pressure
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hole in the face of the tube traversed a line % or 0,159 Cm,
up-stream of the section midway between the 1lst and 2nd rows
of tubes: and that in the case of the copper tube 0,127 Cm,
diameter the pressure hole in the up-stream face would
traverse a line 0;0655 Cm, up-stream of the required section,
In order that the same transverse section should be explored,
no matter what diameter of Pitot tube was used, the copper
tube was bent backwards as illustrated in Fig. 3.1 B, With
this arrangement the vertical diameter of the pressure hole

was on the vertical axis of the Pitot tube and remained

stationary when the Pitot tube was revolved.

At the lower end of this Pitot tube was attached a
gradugted disc 12 Cms. diameter as shown in Figures 1.1l and
1.3 A, The Pitot tube was raised or lowered by means of a
micrometer screw until the pressure hole was at the same
height as the centre of the gap between two tubes of the
nest, The orientation when the pressure hole was facing
directly up~stream was determined by rotating the Pitot
tube and recording the pressure, Fig. 3.1 B shows such
a determination from which the pressure hole is found to
face directly up~stream when the graduation on the horizontal

disc reads 3259,

Fig. 3.1 C shows the pressure recorded with this Pitot

tube with the pressure hole facing up-stream and also with it
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5.1

facing directly down-strean. The second curve was added to
assist in assessing the negative velocity in the eddies at
the back of the tubes, In order to reduce the time taken
for the level in the manometer tube to come to rest, four
readings of the up—stream.pressure were tsken and then four

readings with the pressure hole facing downstream,

Comparing this curve with 3,1 A it will be seen that
there is no recovery of pressure immediately behind the tubes,
This is probably due to this traverse being taken 0.159 Cm,
further down-stream than 3,1 A and the fact that the smaller
diameter Pitot tube would have less tendency to increase the

natural size of the quiescent area at the back of the tube.

It will be noticed that in curve 3.1 A the curves rise to
a height equal to the atmogpheric pressure whereas in curve
3.1 C tbe maximum height is adbout 0.5 Cm., below this pressure.
Curve 3,1 C is probably the more correct value as this is
confirmed by the longitudinal pressure distribution considered

in section 4.

3.2 Search for a suitable static tube.

As instanced by Gibson (1) it has always been easier to

(1) '
Gibson, The Engineer, July 10th, 1914, p.29.
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3.2

ascertain the total energy of a stream than the true statie
pressure, More particularly is this the case when both the

pressures and velocities are varying rapidly.

The first efforts at the determination of the static
pregssure were carried out with the hooked-shaped tubes as
illustrated'in‘Fig. 3+2 A and B, As in the case of the Pitot
tube in Fig, 3,1 B, the head of the hook is bent slightly
backwards so that the vertical diameter of the face of the
pressure hole remains stationary in space when the tube is
revolved, It was thought that such tubes might be used both
for Pitot and also for static tubes., When the face of the
tube was normal to the stream and facing upstream the total
energy would be recorded, but when the tube was revolved
through 90° so that the face was in the plane of the stream
the static pressure would be registered, When determining
the orientation of these hooked Pitot tubes an opportunity
was afforded to investigate the pressure recorded by a
cylindrical tube when placed at an angle to the stream., The
results of this investigation are of interest and have been

recorded in appendix No.Z2.

Fig, 3.2 C shows the curve for the determination of the
orientation of the hooked Pitot static tube of 0,165 Cm.
diameter, Figs. 3.2 A and B give the results of the

transverse exploration with these two tubes, Four curves
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are shown in each case, two statlic and two total energy. The
curves (1), (2), (3) and (4) in Figs. 3.2 A and B are taken
with the hooked Pitot tubes in the positions marked (1), (2),
(3) and (4) in Fig. 3.2 C respectively. The four positions
were considered necessary since complete reversal of flow

occurs at the rear of the tubes of the nest.

A particqlar feature noticeable in these figures is
that there is an appreciable discrepancy between the two
static curves (1) and (3) at the points where the two dynamic
curveg (2) and (4) intersect, i.,e, at the points presumably

of zero velocity,

Further consideration showed that a static tube of this
type, i.e. one of the conventional type, cannot be used
satisfactorily in this investigation. Due to the existence
of the eddies, the lines of flow at the back of the tubes
are curved and it is difficult, if not impossible, to arrange
for the stétic tube to lie in the direction of the flow. Any
tendency for the flow to pass obliquely over this type of
static tube will result in a fictitiously low pressure being

recorded,

Instead of the flow being in lines parallel to the walls
of the static tube as it passes the pressure hole, it 1is

curved outwards as shown in Fig., 3.2 F, This creates a
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3.2

centrifugal force which tends to lower the pressure in layers

ad jacent to the pressure hole,

Since the actual direction of flow varied from point to
point across the traverse and was unknown, it was realised that
the ideal static tube was one in which the pressure reading
wag independent of the direction of flow across the pressure
hole, This condition was obtained by making the head of
the static tube in the form of a disc, (Fig. 3.2 G),

In order to calibrate this disc static tube, all the
tubes (except the half-tubes) were removed from the nest

and the apparatus used as an ordinary wind tunnel.

The static pressure as indicated by the disc was compared
with the static pressure as indicated by a tube of 0,32 Cm.
diameter with a closed end and a small hole drilled in the
side of the tube, This static tube was held with its axis
in the direction of air flow against the front wall of the
apparatus, with the hole directly opposite to the hole in
the disc, The results are plotted in Fig. 3.2 H and it
wlll be seen that the disc tube indicates a pressure which
is lower than the true static pressure by 1.6% of the

v2

velocity head ~£%———-.Fig. 3.2 G shows the static pressure

as determined with the dise tube,
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3.5 Transverse velocity distribution., Apparent lateral

shift of Pitot tube.

In Fig. 3,1 C this static curve has been corrected in
accordance with the calibration of the disc and then super-

imposed to the total energy curve,

From this composite diagram the curve of dynamic head
has been obtained. By taking the square root of the heights
of the ordinates of this curve the velocity curve has been

plotted,

From other experiments when exploring a steep velocity
gradient with a standard type of Pitot tube it was known

that the pressure recorded by the Pitot tube was not that at
diy + 2do

10
the geometrical centre towards the region of higher pressure,

from

its geometrical centre but that at a point

(where dy = inside diameter of Pitot tube
do = outside . " " ")

From this it was realised that some correction would have to

be applied to the veloclity distribution curve to allow for

the displacement of the curve due to the size of the cylindrical

Pitot tube,

In order to determine the amount of this correction a
cylindrical Pitot tube was constructed to the saﬁe proportions

but five times as large as that used in the nest of tubes,
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The velocity distribution across the diameter of a jet
of air 2 Cmst diameter was first determined with a standard
Pitot tube 0,09 Cm. internal diameter and 0.244 Cm. external
diameter at distancesof 3 Cms, and 6 Cms, from the face of
the nozzle, These are plotted on Fig, 3,3. The above
correction for a standard type Pitot was applied to the
results and the true velocity distribution is shown by a

continuous line in the two diagrams,

The same velocity distributions were then determined with
the large scale model of the cylindrical Pitot tube and these
are also shown on Fig, 3.3. From this the extent of the
"shift" of the velocity distribution line was determined and
1/5 of this amount represented the appropriate correction to

apply to Fig. 3.1 C,

The corrected velocity is shown by the broken line in
the diagram at the bottom left-hand corner of Fig. 3.1 C. On
integrating this curve it was found that mean velocity was
1390 Cms, per second, or 3% greater than the mean entering
velocity, This result can be considered to be within the

accuracy of the experiments,
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4, MEASUREMENT OF THE LONGITUDINAL VELOCITY DISTRIBUTION
THROUGH THE NEST,

4.1 Type of static tube used.

A preliminary exploration of the longitudinal variation
in static pressure was carried out with the simple static
tube described at the end of Section 3.2 and used to calibrate

the disc static tubs,

The distance which the tube had entered into the nest was
accurately determined with a micrometer as illustrated in

Fig. 1.3 A.

Since the gap between any pair of tubes was 0,648 Cm,
and the diameter of the static tube was 0,317 Cm. it was
evident that some further refinement was necessary before

the pressure hole could be allocated exactly between the

tubes.

While making this improvement the instrument was adapted
so that it woﬁld be used to register both the static and the

total energy of the stream along a longitudinal section,

4,2 Description of improved Pitot-static tube.

To the simple static tube used in the preliminary work,
was fitted a pair of guides somewhat in the form of a sledge

and shown in Fig, 4.2, These guides had the effect of
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4,2
definitely locating the tube midway between the layers of

tubes in the nest,

On the side of the tube remote from the sledge was
soldered a copper tube of 0,127 Cm, diameter bent into the
form of an "L". The end of the "L"-shaped tube was left

open and since it faced directly up~-stream it could be used

- as a Pltot tube.

On the outside of the copper tube was drilled a small
hole 0.05 Cm, diameter, When this was used for the pressure
hole to determine the static pressure, the end of the copper

tube was sealed with a small hemispherical blob of plasticine,

When the open end of the copper tube was used to determine
the total energy, the static hole was covered with a small

piece of adhesive tape.

To determine the exact position of the static hole in
relation to the centre line of the first row of the nest the
Pitot tube was inserted part way into the nest and nicked
with a flat knife blade hevelled on one side only, This
mife blade was firmly ﬁressed agginst the upstream faces of
the first row'of tubes so ensuring that the nick corresponded
to this plane, The micrometer was simultaneously read and
the relatively position of the nick and Pitot hole subsequently

determined by a travelling microscope.
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4.3

4,3 The observed longitudinal variation of velocity.

This Pitot tube when traversed longitudinally between
the bottom and next tolbottom layers of tubes yielded the
curves shown in Fig. 4,2 from which the non-dimensional
curves iIn Fig. 4.3 A have been constructed to show the

pressure and veloclity variaetions in the axial direction,

Unfortunately at the time of carrying out these experi=-
ments the author had not read Ower and Johansenm(l) work on
Pitot tubes in which is discussed the effect of curvature
of the boundary layer at the nose of the instrument in
reducing the indicated static pressure and also the effect
of the stem of the instrument in increasing the indicated

static pressure.

Ower and Johansen suggest that for a round-nosed tube
wlth seven holes equally spaced around the circumference,
these holes should be placed 6 diameters from the base of

the hemispherical end and 15 diameters from the stem,

From Fig. 4.2 it will be seen that the distance (14
diameters) of the static hole from the nose of the instrument
is sufficient and the curvature of the lines of flow in
the boundary lgyer should not cause any appreciable depression

of the reading.

(1) ower & Johansen. R. & M, No. 981 = 1925, p.985.
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4.3

On the other hand, in the light of Ower and Johansen's
work it is seen that the distance of 10 dlameters between

the static hole and the stem is somewhat too small,

Since in the sledge Pitot-static tube there was only one
static hole and that was drilled on the side remote from the
stem, it is probable that the influence of the proximity of
the stem would not be so great as in Ower and Johangen'!s tube,
To test whethgr the stem did influence the readings a second
stem or leg 2,7 Cms. long was soldered on the opposite side

of the static tube as shown dotted in Fig, 4.2,

Fig. 4.3 B shows the results, The longitudinal traverse
was first made with the original design of sledge Pitot-static
tube and the results are plotted, 0 on the figure, The
second leg was then soldered to the tube and the results

are plotted ,< .

It will be seen that when the static pressure is
falling'the second leg appears to make the pressure lower by
about 0,5 Cm. and vhen fhe static pressure is rising it

appears to make the pressure from 0.2 to 0,5 Cm, higher,

The second leg was then removed and the results are

R ]

plotted N These are found to be within a few millimetres

of the previous readings.
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From the recorded pressures of the total resistance of
the nest, it will be seen that the above results are within
the accuracy with which it was possible to keep the air speed

constant, The maximum variastion of the total resistance -

was 0.5 Cm,
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S INVESTIGATION OF THE FORM DRAG OF THE VARIOUS TUBES.

5,1 Aim of the investigation.

It is well xnown(1l) that the resistance of any obstacle
in a fluid stream can be divided into two parts: firstly,
the tangential drag of the boundary layer between the surface
of fhe obstacle and the maln stream, and, secondly, the

form or pressure drag of the obstacle,

On the analogy first propounded by Osborne Reynolds'(z)
there is a definite relationship between the change of
momentum in the boundary layer and the heat transferred from
the obstacle to the stream, if the obstacle is at a higher
temperature, It was thought that if the form drag of each
of the tubes could be determined, it would be possible to
separate the total hydraulic resistance in the nest into its
éonstituent parts and to state what proportion of this
resistance was due to tangentlal drag and what proportion

was due to form drag.

If this could be done it was anticipated that a scientific
basis would be obtained for the study of heat transfer in

nests of tubes,

(1) White, C,M, Inst. Chem, Eng, Vol.,10 -~ 1932, P. 66,

(2) Osborne Reynolds, Scientific Papers, Vol. I.



5.2

5.2 Experimental arrangements and typical results of form

drag investigations,

The method of carrying out form drag experiments has
been briefly referred to in Section 2,2, The exploration
tube could be arranged to replace any of the tubes of the

nest,

The Sturtevant fan, which was used for drawing the air
through the nest, was driven from the coupling of a hydraulic
pump and, assisted by the inertia of the pump, it was possible
to keep the speed reasonably constant, The speed of the
fan could be varied by varying the position of the rheostat
in circuit with the pump motor, and also by varying the
opening of the discharge valve on the pump outlet and by
opening or closing an improvised slide valve on the fan
discharge. The pump was fitted with a tachometer which
proved a useful guide to the correct speed when starting the
apparatus, This usually indicated 2100 r.p.m, The eir
speed was measured by the difference in pressure of the
atmosphere and that at the first pressure hole in the back
wall of the apparatus ahead of the first row of tubes, The
difference of the height of the water in the manometer tube
was measured by the aid of a cathetometer before and after
every form drag curve was obtained. This difference of

pressure was kept as constant as possible at 1,17 Cms, of

water,
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5.2

In order to give the obgerver an opportunity of noting
any variation in speed which did take place during a run,
an anemometer calibrated in miles per hour waé attached to
the down-stream enq of the apparatus and normally read about
107 miles per hour, This instrument was conveniently
placed apd-could be seen while the other data were being
obtained, It was not used as an absolute measufement, but,
since its reading was a measure of the total hydraulic
resistance of the nest, it proved a convenient indicator of

‘any change of air speed.

In the determination of the form drag, the quantity that
is required is the integral of the components of the normal
pressure at the surface, in the direction of the stream.

This was obtained by plotting the various pressure readings
not on an equally spaced scale of angles of rotation but on
a scale graduated to the sine of the angle of rotation, as
illustrated in Fig. 5.2 A, This shows the form drag

disgram for the centre tube of the first row.

On completion of the experimental curve the diagram
was divided into two by a line joining the points 0° and 180°,
and the area of each side determined separately with a

planimeter, From this area the mean ordinate was determined,

Figs, 5.2 B, C, D and E are typical charts exactly as
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5.2

they were obtained from the experimental apparatus. They
are the form drag curves for the centre tubes of the 1lst,
2nd, 3rd and 4th rows at a distance of 3,8 Cms, from the
back wall,

The pressure at the front of the tubes of the 2nd row
showed.considerable instability and therefore the maximum
and minimum readings are shown on the diagram, This instab-
ility was also present on‘bhe'front of tubes of the 3rd row,
but not to such a marked degree, Figures 5,2F and G show a
Series of form drag diagrams in their correct relation to the
atmospheric pressure. The inner dotted lines show the
diagrams corrected for the size of the pressure hole as
suggested by Thom and referred to in Section 2.1. The
numerical values of the form drag mean ordinates are for the
uncorrected diagrams, The appropriate corrections are
given in the tables below.

Parallel Arrangement, Figure 5,.2F.

Area of original Area of %
diagram Correction Correction
1st Row 170.4 4,9 2.88
2nd Row _ - 99.2 5,35 5.39
3rd Row 101?8 - 3.9 3.83
4th Row 109.0 4.1 3.76

480,.,4 18,25




5.2

Percentage correction on total nest 18‘220X4100 = 35,80

Staggered Arrangement, Plgure 5.2 G

Area of original Area of
diagram Correction Correction,
1st Row 169,5 4,85 - 2,86
2nd Row 53,0 10,50 19,81
3rd Row 66,9 8,90 13,31
Estimation for
Rows 4 to 7
based on
6th Row 322,56 30,40 9,43
611,9 54,65
54,65 x 100 . g g3

Percentage correction on total nest 5110

5,3 Anomalous behaviour of front of second row of tubes

It was thought that the cause of this instability might be
that the air, as it left the back of a tube in the front row,
was deflected first over the top and a moment later under the
bottom of the corresponding tube in the second row, If this
were so, equidistant points on either side of the direction
of the stream would have maximum and minimum values
simultaneously i.e, if the pressure at 30° were at its
maximum value, the pressure at 330° would, at the same instant,

be at its minimum,
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5.5

In order to test if this were true, a test was made with
a pressure tube in which had been drilled two holes in the

same plane and at an angle of 60°,

With this tube, the pressure indicated by the manometer
would be the average of the pressures at two points on the
surface of the tube 60° apart, and if the above assumptions
were correct, the reading should be very much more steady
and the variations in pressure considerably less, When
this experiment was tried it was found that the fluctuations
in pressure were of the same magnitude as before, thus
indicating that it was possible to have maximum pressures
at 30° and 330° at the same instant, The pressure tube
was then turned through 180° so that the holes corresponded
to angles of 150° and 21¢h Here the fluctuations of pressure
‘were small, but they were of the same magnitude as those
observed when using the pressure tube with the single hole,
Observations were made to see if it were possible to detect
any regular periodicity in the variations of pressure. The
glass screen was moved sideways 0,32 Cm, each interval of
2 seconds, and the height of the water in the manometer tube

recorded on the paper on the front of the glass screen,

From Fig. 5.3 it was impossible to detect any regular
cycle of variation of pressure and the opinion was formed that

the variations were due to innumerable chance circumstances,
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not the least important of which would be slight initial
movements'in the air as it entered the mouthpiece of the

apparatus,

The probable cause of the instability and the general
shape of the form drag curves are discussed in Section 9,
after the experimental work on the Ahlborn tank and electric
tray has been described: the results of these researches

being utilised in the interpretation of the form drag curves.

5,4 The effect of variation of air speed on the mean
ordinate of the form drag curves.

It was found impossible always to carry out the form
drag experiments at an alr speed corresponding exactly to
1.17 Cms., of water, A series of tests was therefore carried
out to ascertain how the mean ordinate varied with varying

air speed.

These tests were made on the centre tube of the lst row

at a distance of 3,8 Cms.from the back wall,

The largest and smallest form drag diagrams are
reproduced in Figs, 5.4 A and B, and the results of the
seven experiments are given in Table 5,4 C and plotted in
Fig. 5.4 C. From this figure it is seen that for the minor
corrections that were necessary, due to the slight deviations

of air speed from that corresponding to 1,17 Cms, W,G.,, it
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5.4

can be taken that the height of the mean ordinate of the
form drag curve is proportional to the cathetometer reading,
This necessary minor correction was therefore made on the
mean ordinate of each individusel form drag curve if the
cathetometer reading was not exactly 1,17 Cms,

5,5 Relation between "central ordinate" and "mean ordinate"
of form drag diasgrems.

The results obtained in the previous section presented
the possibility of comparing the height of the "mean ordinate"
with that of the "central ordinate", i.e., the ordinate 0° - 1800,

A comparison of the seven form drag disgrams, from which
curve 5,4 C was obtained, showed that they all possessed the
gsame characteristic features and appeared to differ only in

the heights of the various ordinates.,

If a relation between the height of the "mean" and the
"central" ordinate could be established, it would reduce
greatly the amount of work involved, at any rate in preliminary
investigations. The relation between these two ordinates
is plotted in Fig. 5,5, and 1t is seen that as far as the
variable speed test on the centre tube of the lst row is
concerned, thgre is a well-defined relationship. The mean
ordinate is 0,72 of the central ordinate. This was a
useful approximation and was used in the investigation of

the effect of initial turbulence in the alr stream (Section 5,8).
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5.5

It was borne in mind, however, that all the above data
were obtained on the centre tube of the lst row at a plane
348 Cms, from the back wall, The relationship for othe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>