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Abstract

This project deals with the development and empirical testing of a spatially varying
flow model for analysis of rainwater flow in gutters. Thisareais of interest for
rainwater harvesting, which is particularly relevant for providing cheap accessto
water fit for domestic use in developing countries. A theoretical model was
developed, and a computational model created to allow testing of the model against
experimental data. Experiments were conducted on atest rig designed to simulate the
flow conditions in the gutter. Good agreement was found between the computational
model and the experimental results, validating the model as sufficiently accurate for

the applications being considered.

The principal outcome of the work is a computational design tool that can be used to
improve gutter performance considering a variety of factors (gutter geometry, slope,

rainfall intensity and gutter material).
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1. Introduction

1.1.Why Rainwater Harvesting?

Access to clean (hygienic-low pathogen and toxic chemical content) water in
reasonable quantitiesis essential to human health. In 1992 an estimated 1.2 billion
people were without access to a clean, convenient water supply (Bastermeyer & Lee).

In general, rainwater is of high quality.

Although there are economies of scale in water treatment, large plants tend to be
highly capital intensive, and so are not feasible for certain situations in developing
countries. Water harvesting in general is afeasible option for improving the living
conditions of millions currently facing serious water supply problems, and reduces
pressure on groundwater sources (Lee & Visscher). Under these conditions, rainwater
harvesting becomes an attractive option for supplying water to a household. Asthe
demand for water grows with increased global population and more “water-intensive’
lifestyles, there may be an increase in world-wide use of rainwater harvesting. The
increase in the number of potential catchment surfaces also increases the potential for
its application (Gould & Nissen). There are also certain specia casesin which

rainwater harvesting may be particularly attractive, such as earthquake zones (e.g.

Japan).



Rainwater harvesting, then, has as its source a cheap supply of good quality water,
and thereislittle in the way of transport costs. Some of the components used are
already present or simple, and the required technical skills may be low. Thisis not to
say that the systems are always ssimple, or that there is not a significant amount of

engineering involved.

It isthus an area worthy of investigation, particularly given the lack of theoretical

work (see section 1.2).

Although rainwater harvesting may become more popular in developed countriesin

the future, the focus of this project isfor its use in developing countries.

1.2. Theoretical modelling

There seems to be a paucity of information and work on the type of fluid mechanics
required to analyse flow in gutters. The particular type of analysis used is termed
gpatialy varying flow, and applies when the flow rate is not constant along a channel.
In such situations, arange of factors such as depth, velocity, hydraulic radius etc, are

constantly changing.

There was some development of such models, as can be found in Chow (1959), but as
solutions tended to require numerical methods, little was made of them.
Increased computing power and more suitable tools, such as spreadsheets, mean that

generating such solutions is no longer prohibitively tedious or time consuming.



If such solutions were available, they could be useful in sizing gutters efficiently, and
hence reducing their cost. A second use of such models would be in determination of
the effect of slope, and in giving guidance as to an optimal slope, if variationsin slope

are practicable.



2. Spatially Varying Flow Literature Review

Much of the theory available at present relating to channel flow assumes a constant
flow, with no variation. Whilst some of the concepts used to analyse the flow are
similar, and a sound understanding, as may be gained by reading Chanson?, is useful,
it does not give sufficient information. For flows such as this, the Manning equation

can be applied.

When considering the flow in gutters, for which the value of the flow rateis
constantly changing, some kind of spatially varying flow analysisisrequired. There
has been less work conducted on this topic. Chow? explored the topic in a slightly
different context in the 1950s, considering the flow over aweir into a spillway: here
the scale of the whole operation is much larger than that being considered here, but
the principles still apply. In hiswork he reaches a differential equation, which at the
time of writing would not have been easy to solve by numerical techniquesasis
currently the case. There are also some comments of interest on the modification of
predicted results to include some correction for entrainment of air in the flow. (This

may also be of interest if siphonic guttering systems are considered.)

Garcia® conducted further work in the third year project of the previous academic
year. This gave aspatially varying model for the flow, and some predictions as to the
optimum slope which should be created for the gutter. However, in devel oping the
model further, and re-examining the work in Chow, it was found that the hydrostatic
pressure term, which had been neglected by Garcia, was not insignificant in

describing the behaviour of the flow.



Considering work being conducted in the area of describing the flow in gutters, there
still seems to be little work on spatially varying flow. Beecham and O’ Loughlin®®
have conducted some work, using arig that appears, from the abstract to [4], to be
considerably superior to that at Warwick. However, the focus of their work centres on
adaptation of the Manning formulafor use with guttering systems, rather than
developing a new spatially varying flow analysis. Whether thisis avalid approach or
not is beyond the scope of the project to consider. Beecham was contacted, and was
extremely helpful in giving information and supplying papers. Unfortunately the
experimental work conducted was for a private client, and as such is not available for
free distribution.

Although it is of interest to consider the behaviour of the flow purely as atheoretical
fluid dynamics question, it is important to be aware that the rainwater harvesting
aspect means that the results obtained, to be of use, must be applicable to a practical
situation. In light of this, the paper by Thomas’ is useful, asit introduces several of
the practical difficultiesinvolved, including those of trying to use a non-uniform
gutter profile. The theoretical model developed to describe the flow uses the Manning
formula, and so is arguably not valid except as a very rough approximation. Heggen®
includes some further information on guttering technologies in his paper. This does
include some inaccuracies of quotations (the formulafor the spatialy varying flow
from Chow isincorrect), and the overall content of the report seems to be a synopsis
of work conducted by others on the subject, rather than contributing any new material.
As such it may be of use to the reader wishing to find more about rainwater

harvesting, but not for providing any new information.
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3. General Analysis of Gutter sections

In this section the main theory used to model and predict the flow in gutters will be
introduced. Although the results will obviously be different for different cross-
sectional shapes, the initial approach isthe same, as can be found in the report by
Inigo Garciafrom last year. Thefirst stage in modelling flow in the gutter systemisto

set up acontrol volume:

Water from gutter, flow intensity q

RN

L
Direction of ! | }
flow v |
| |
— E T v+ov !
i Friction |
v Sl—
. < “““““““““““ R
\
Figure 3.1 The Control

Volumefor Analysis
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3.1.Symbols to be used in analysis
velocity
depth of flow
slope of gutter bed
distance along gutter from non-outlet end
horizontal length of control section
intensity of water faling into gutter from roof
wetted perimeter of flow
cross-sectional area of flow
hydraulic radius of flow
Manning surface roughness factor

wall shear stress

density of fluid in flow
gravitational constant
drop from edge of roof to flow in gutter

velocity of water falling into gutter

3.2.Assumptions made in the analysis

* Theheadlossin asection isthe same as for auniform flow having the
velocity and hydraulic radius of the section.

* Thechannel is prismatic.

» Thevelocity distribution in the channel is fixed.

* Theslope of the channel bottom is small (Iess than 5% from Chaudhry).

12



» Theslope of the gutter is constant. (This assumption is made for the initial
analysis. Further work will use non-constant slopes, but in every case the slope
in the control volume is constant. However, as the length of the control
volume tends to zero, this means the model can be used for continually

varying slopes.)

This analysis usesfirst order terms only, so does not claim to be entirely accurate, but
isasimplified model which requires less complexity in its development, and can be
used to test how useful modelling with the former assumptions can be as a design tool

for rainwater harvesting.

3.3.Forces acting on the control volume

As can be seen, there are several forces acting on the control volume:
» Gravity, acting to accelerate the flow.
» Friction, opposing the flow.

A hydrostatic pressure term, opposing the motion. ¥

However, thereis not only the flow already present in the gutter, but also that being

added by runoff from the roof.

The first expression to establish is one of mass continuity:

V(X)A(X) = gx Equation 3.1

¥ This was not included in the analysis conducted by Garcia
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Where v isthe velocity at distance x along the gutter from the non-discharge end, A is
the cross-sectional area at that point, and q is the flow intensity running into the

gutter.

3.4.Momentum Equation

The momentum equation states:

: - Equation 3.2
ZFszout_Min quation

The rate of momentum flowing in to the control volume can be expressed as.

Min = pQV = p(AV)V = pAV? Equation 3.3

Side 2

Side 3

Figure 3.2 Labelling
sides of the control
volume

[NB in deriving this, the velocity of the additional water entering the flow is assumed

to be zero in the direction of flow]

Mo = 0.(Q +IQ)(V+ V) = p(A+ ) (V+ N)? Equation 3.4
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Neglecting higher order terms, equation 3.4 becomes:

. Couetion 3.
Mou = p(AV? +VZOA+ 2AVHV) quation 3.5

Thus the right hand side of equation 3.2 can be rewritten:

M out — M.in = p(V25A+ 2AV&/) Equation 3.6

3.5.Forces acting on the fluid

3.5.1. Frictional Force

Thefrictional retarding force can be expressed by taking an average for the wetted

perimeter (assuming alinear increase for the small length of the control volume):

5p) 5 Equation 3.7

(p+(p+op) ¥
2 2

Frictional force=-T,, X=-T,(p+

Note the negative sign, as the force is opposing the direction of flow.

However, the wall shear stress can be expressed as:

ov? . Equation 3.8
T =

"8
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2 1 Equation 3.9
with £ =27 = 00382
H

2 Equation 3.10
Thus. 7, = CPV withC = 9.7n A

1/3
H

So
2 Equation 3.11
Frictional force= —%(p+@)5x a
R, 2
Taking first order terms from this:
Cpv? Equation 3.12

3.5.2. Gravitational Force

This can be expressed by resolving the gravitational force in the direction of the flow:

F, = pg(Volume)sing Equation 3.13

Assuming the increase in depth islinear for the small section being considered:

A+(A+0dA) Equation 3.14

F, = P9 oxsing = pg(A+ %A)c‘ixsine

Changesin flow surface angle with respect to horizontal (a departure from 8) become

negligiblein thisfirst order analysis, giving:

F, = pgAdxsing Equation 3.15

16



However, for small angles, sin@ =6 and tan8 = @ , therefore

sin@ = tan@ Equation 3.16

Substituting thisinto 3.15 gives

F, = pgAdxtan6 Equation 3.17
As Sope(S,) = tan8 , equation 3.17 becomes:

F, = PgAdXS, Equation 3.18

Sy is positive for a slope dropping from left to right, giving the gravitational force as

opposite to the frictional force, as expected.

3.5.3. Falling Water Term

The water dropping in to the gutter will have a small component in the velocity of the
flow. Assuming free fall, the velocity may be taken as a function of the fall distance,
which will vary along the gutter, but may be taken as:

h, =h, +xsin@ Equation 3.19

For abody under constant acceleration

Vv, 2 _ u2 Equatl on 3.20
2a

Where sisthe distance fallen, v the fina velocity, a the acceleration and u theinitial
velocity. Making the assumption that the initial velocity of the water falling from the

roof edgeis zero, substituting equation 3.20 for sand g for a gives:

v, =4/2g(h, + xsinB) Equation 3.21

This can be resolved into aforce in the direction of flow:

17



F, = pqv, SinBdx Equation 3.22

3.5.4. Hydrostatic pressure term

Having the situation shown below, there will be a net pressure force acting on the

dF
control volume = d_p OX: Equation 3. 23
X

Figure 3.3
[llustrating the
pressure forces

To find this pressure, consider the following example, using an arbitrary cross-

sectional shape:

18



Figure 3.4 Labelled arbitrary
cross-section for deriving
pressure force

F, = pgydA = pglydy Equation 3.24

Therefore:

o Equation 3.25
Fy = p.g[ L(y).ydy quation

dF
Once this has been found, we wish to find the differentia, _d P intermsof D, the
X

dF
depth in the gutter. To achieve this, we first express d—p as afunction of equation
X

3.25;
dF d D d oo Equation 3.26
—_ P L = — L

=, (y)ydyﬁ pgdxﬁ’o (y)ydyﬁ

Then expressing 3.26 in terms of D:

19



Equation 3.27
K_pngﬁ L(Y)yd y%L

3.6.Re-constructing the equation
Substituting the terms so far generated into 3.2 (3.6, 12, 18, 23 & 27) gives:

Cpv’ d 5o ? 2
- OX + pgAOXS, + S X+ — L d X = p(V-OA+ 2Avov
RY® P Py o T OOV S, E_pg dD a:) (y)ydy i ék P( )

H

Equation 3.28

Cancedlling p, dividing by ox and letting small terms become infinitesimal, gives

Cv? d go dD dA dv, _d
~2Y p+gAS, +qv, S, + - g-—H L(y)yd w2 Lroav®) =9 v2a
R P OAS, v S, + Lm0 s H LYY L (v 2 )= (A

Equation 3.29
Recalling v = C'L\ from 3.1, the right hand side of 3.29 can be rewritten:
S =S g S ) G
dx
_ B 9A" dAdD ) rpx(E) qu dAﬂdD 2xq’
dA dD ok DA [ A dDhdk A
Equation 3.30

This can be substituted into equation 3.29, to give:

20



2

’x* dA d D _Cv? 2xq
E“; -g— %‘L:— - gAS, - qVv, S, +——
o ‘o "L(y)ydy ™ Rﬁ,gp GAS, ~QVi S, +—1

2 2

noting that ——

Equation 3.31

Multiplying by —— and rearranging to give %—D :
X

22’ 22 T2
V

q°x

Cp gA3 vaZS +2A

/3 2
d—D Ry ax Equation 3.32

dx
% Ep?dDa (Y)ydy%

3.7.Specific Geometries
At this point the unknown variables on the left hand side can be reduce by substituting
specific equations for area, the pressure term, wetted perimeter, hydraulic radius, area
etc. The two cross-sections considered so far are: rectangular and v-section. Below are
the cross-sections, with characteristic lengths to allow formulation of equationsto

describe their area etc:

Dmax

> {




Figure 3.5 Specific cross-sections and

characteristic dimensions

Cross-section
Property Rectangular V-section
Area (A) WD D?tan 3
dA w 2Dtan
dD
Wetted Perimeter (p) W +2D 2D
cospf
Hydraulic Radius (Ry) WD Esin I
(W +2D) 2
WD D?tan 8

% ﬁ? L(y).ydy £
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Thisthen alows the rate of change of depth to be found as a function of known
variables, displacement along the gutter and depth at that point. Unfortunately the
eguation does not yield analytical results, but can solved using numerical methods to
generate a profile, given aboundary condition, e.g. depth at the start of the gutter.
There are difficulties with taking the initial depth as zero, as thisleadsto division by
zero in equation 3.32, but a reasonable approximation may be obtained by setting the

initial depth to avery low value.

Substituting each of these gives:

Rectangular cross-section

cw+20) _g(pys, _v,(D)'s, anwp Equation 3.33
dD _ (\ND)% q°x? ax> X
& - 3D3g

W_ q2x2 E
V-section
0 _gormpls vl me)s 2t
. 3 qZXZ qX2 X

COSBBMHV

dD _ 0 2 0
- 6 3
. 2Dtanp- 90 1P
02X
Equation 3.34

3.8.Weir Effect

Thereis also an effect to further complicate the analysis of the flow: at the discharge

end of the gutter the flow upstream will “feel” the fact that thereis less resistance

23



downstream; information will be transmitted upstream in the flow. Thiswill cause the
flow to accelerate and so decrease the depth at this upstream point, departing from the
predicted depth. The weir effect is discussed in Chaudhry, and it would be of interest

to quantify where this effect starts to be significant.

Aswill be seen in the later experimental work, the drawdown effect does have an
observable effect. If this effect is only to reduce the depth at alater point in the gutter,
then it may be that a conservative design estimate is possible by neglecting the effect
and assuming a maximum depth at the end of the gutter. Alternatively, it may be
possible to assume the maximum depth at some point upstream from the outlet to give

amore redistic estimate.
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4. Practical Work

In the previous year’s project on this topic, Garcia (2000) constructed atest rig to
allow measurement of depth profilesin various gutters, along with the flow intensity
of the water falling in to the gutter. This rig was modified and used for further
experimental work, as detailed below.

The experimental work conducted to this point in the project is also included. This has
focussed on calibrating the rig, measuring the flow profile for varying uniform slopes
and cross sections of gutter, and examining the distribution of flow entering the gutter
from the simulated roof.

The schematic diagram of this system is shown below:

Baffle
Venturi Supporting
meter Frame
§ = ’/
_Di
|
<“— Pump
Gutter
Tank

o—— > Flow of water

Figure 4.1 Schematic Diagram of test rig
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4.1.Experiments

The experiments needed to test the theory require measuring the profile of the water
in the gutter for varying:

1. Flow intensities.

2. Gutter slope.

3. Guitter cross-sections.

Before this could be carried out, the test rig had to be calibrated, to establish an
effective means of measuring the flow intensity along the gutter. The experiments for
this are detailed in Appendix B. The results enabled calculation of the flow intensity

from readings taken from the venturi meter on the test rig.

4.2.Single Sloping section

A more detailed account of the experimental processisincluded in Appendix C. The
main point isthat several sets of experiments were conducted, for varying slopes and
flow intensities. For each experiment the depth of the flow was measured at several
points along the gutter.

The results analysed in this project were drawn from using a v-section gutter, and a
small rectangular cross-section gutter.

Some further work was conducted on the distribution of the flow along the guitter, this

isdetailed in Appendix D.
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4.3.Initial Observations

It quickly became apparent that the flow in the gutter did not give a simple smooth
profile as predicted. The flow from the baffles did not supply the continuous sheet
used in modelling the flow. At low flow rates (particularly at 3 valve turns, the lowest
possible to obtain aflow), the jets were highly discrete, and could be seen to be at
points equivalent to the holes in the blind pipe. Asthe flow increased, the flow
became more uniform, but the jets remained discrete.

The effect of the jets would be to rapidly increase the depth in the section of gutter
with the jet impacting, as the flow slowed given the added mass with no velocity in
the direction of the flow. In the regions with no flow, the depth would decrease again,
as the flow accelerated under gravity.

It could also be seen that the flow distribution along the gutter was not uniform: at the
end of the blind pipe closest to the pump the flow was greater than that further down
the gutter. This departure from the uniform distribution hoped for seemed to decrease
as the flow rate increased.

There was also some temporal instability in the flow i.e. the depth at any point varied

over time, seeming to oscillate around an average point.
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5. Reconciling Theory and Experimental Data

5.1.Model Testing

An excel spreadsheet was constructed to enable the use of a numerical technique to
test the validity of the theoretical model, by giving predicted flow profiles which

could then be compared with that obtained from experimentation.

To give agreater understanding of the behaviour of the model, the individual
variables, such as depth, area, hydraulic radius etc, were included individually, as

were the numerator and denominator.

As it seemed that the model would collapse at the top end of the gutter (the
denominator in several terms going to zero), it was decided to test the profiles
generated from the experimental data by taking the data from a point where the flow
was reasonably well developed, but not suffering from draw-down. Once this point
had been established, the profile from the experimenta data could be compared with
that predicted by the model, given this one point, the slope, flow intensity and gutter

geometry.

5.2.Initial Comments

Several points became clear from examination of the behaviour of the spreadsheet:
At certain points the model becomes unstable and starts exhibiting asymptotic

behaviour (the precise nature of which will depend on the iteration step size). This can
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2 dlF
be explained by noting that as % ( p/ p) - dA , the denominator tends to zero.
g°X dD dD

Thisindicates a breakdown in the model. When the Froude number was cal cul ated for
each step along the iteration, it was found that the instability occurred at Fr=1i.e. the
flow at this point becomes critical and a hydraulic jump occurs.

A more formal examination of the problem can be used to examine the asymptotic

behaviour:

. A? dF
The asymptote will occur when — - ————F- =
dD qg°x°p dD
Therefore
dA _ A? dF) Equation 5.1
dD g°x°p dD

Considering the rectangular cross-section,

dA Equations 5.2-4

2 212 dFP
— =W, A2 =W?D?,—" = pg\WD
dD dD

Substituting these into Equation 5.1 Gives:

_W?2D?pgWD _W°D’g

W
X2 p %

q°x° Equation 5.5
W?D?3g

Noting that gx = Q,WD = Aand v = Q/A

Equation 5.5 becomes:

2 2
1= (2? :V_
A°Dg Dg
01=—Y_ieFr=1
vDg
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A similar analysis can be applied to the v-section gutter:

A d(F,/p) A2 d(F,/p) 1 d(F,/p) dA Equation 5.6
°x’ dd Q> dd > db  dD

For the v-section, A= D?tan3 O j—g =2Dtan 3

p*  d(F,/p) _

F =pgtanB3— [ tan BD?
ppgﬁg D gtan D

Substituting these two results:

1 _ Equation 5.7
V—zgtanBD2 =2Dtan B

Rearranging gives:

1=V Equation 5.8

g

N | O

Thisis of similar form to the Froude number result previously obtained, but with a

modified depth term. Thisis actually the hydraulic depth:

_ Crosssectional area _ D*tan 3 _ D Equation 5.9

SurfaceWidth ~ 2Dtanf 2

h
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The significant termsin the numerator are the gravitational term and the momentum
flux term. The flow profile is not very sensitive to fluctuations in the surface

roughness of the gutter material.

5.3.Matching Practical Results to Theoretical Predictions

The spreadsheet data can readily be plotted to give a depth profile. Likewise, the
known data points from the experimental data can be plotted and a trend-line fitted to
them (along with error bars, as the method of measurement was not highly precise).
Thiswas done for all the data obtained from experimentation with the v-section and
rectangular cross-section gutters. All the plots obtained are given in Appendices E and

F. Two typical plots are shown below:
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As can be seen, the triangular section suffers from some instability at the upper end of
the gutter (as X — 0). Although this shows the model cannot always accurately
predict the behaviour in thisregion, thisis not of significant practical importance for
using the model as a design tool: the depth further down the gutter is significantly

more important.

In the first two sets of results the theoretical model shows instability with the
hydraulic jJump, whereas the measured results show a drop in depth after this point.
This may be explained by the draw-down effect, where the water in the gutter is able
to “sense” the presence of the drop downstream, and so the hydraulic jump does not

have the expected effect.

The occurrence of this point may also lead to some design recommendations as to the
optimal arrangement of guttersif several sloping sections are possible. It may be that
it ismore efficient to put the steeper sloping sections further from the upstream end of

the gutter, to inhibit the formation of the hydraulic jump.
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6. Practical Significance of the Work

Having developed the theoretical model, and shown that the model gives areasonable
description of the flow, and can generate accurate profiles, it is useful to consider its
practical use. Some consideration should be given as to what useful information can
be extracted for those involved in the practical matter of working with rainwater

harvesting systems.

6.1.Existing System or Design?

There are two main classifications of situations:

1. Thereisan existing system. Given information about the system, it should be
possible to predict the performance of the system, giving the maximum gutter
capacity, and the rainfall intensity at which thiswill occur. From this data some
consideration could be given to the likelihood of such rainfall events occurring i.e.
does the system have sufficient capacity. The change in capacity of moving the
downpipe from the end of the building to a midway point can be predicted.

2. A systemisbeing designed. There are certain parameters which may be regarded
asfixed:

* Roof size and geometry.

o Maximum likely rainfall intensity. (A more sophisticated consideration is
possible, with issues as to the importance of capturing the entire rainfall, how
much rain is required, the effect of alowing the gutter to overflow on the
building etc.)

Other parameters may be regarded as variable: the designer may change their

values to suit the situation:
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e QGutter size, cross-section and material.
* Thedope of the gutter.

Obvioudly, even the parameters that can be changed are constrained.

Several issuesthen arise:

1. Isthere an optimal slope for the gutter, or to maximise the capacity, should it be
set as high as practicable (there are issues of reduced efficiency of runoff capture
with varying drop associated with this).

2. What will be the change in gutter capacity given moving the downpipe from a
position at the end of the gutter to the midpoint. Asthisislikely to double the
acceptable slope of the gutter, what will the overall effect on the system be.

3. How sensitiveis the system to changesin slope, gutter material, cross-section etc.

4. If severa sloping sections are possible, what is the optimum slope arrangement.

It would be useful if the outcomes from the work could be condensed to a series of

simple guidelines, giving only such information as is necessary.

6.2.Two Cases of Flow Profile

In the previously developed model (Garcia, 2000), the depth profile gave an increase
with depth along the gutter. For practical purposes the main consideration was the
depth at the outlet end of the gutter, and how this would vary with flow intensity into
the gutter, gutter slope and cross-section, and gutter length.

The later model developed gives aturning point for the depth profile, where the depth

reaches a maximum, and then reduces, eventually becoming critical. This givestwo
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situations to consider when using the model as atool for rainwater harvesting system

analysis and design.

1. Theflow does not reach aturning point within the length of the gutter. In this
case, the depth at the outlet is the critical depth to be considered, and will
determine the maximum flow the gutter can accommodate without overflowing.

2. Theflow does reach aturning point within the length of the gutter, and the depth
then decreases. As the model does not accommodate behaviour after a hydraulic
jump, thisis not considered. [ The hydraulic jump phenomenaisto be avoided, as
it gives a sudden increase in depth, reducing the capacity of the gutter without

overflowing.]

From the perspective of afieldworker, it would be useful to know whether one case
would hold in all reasonable practical situations. To consider this, afew typical values
will be examined. An extreme rainfall event will give not more than around
0.00005m/s of rain.

Given amaximum roof length of 10m, and aroof depth (length perpendicular to the
gutter) of 5m, the maximum flow intensity will be 0.00025 m*/s/m, with amaximum
flow from the whole gutter of 0.0025 m*/s (2.5 1/s).

There will also be alimit to the practicable drop from roof edge to gutter: afigure of
0.3m seems reasonable in this case. The gutter width is likely to fall within the range

of 0.05to 0.15m.

No data was available to give the initial data point to allow the numerical method to

be used to predict a unique profile. However, the numerical method was used with a

range of values for the initial data point (the depth at x=0.2m), and it was found that
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the profile features were not sensitive to initial depth (providing it was above a
reasonable lower value of 1cm). The main feature to be drawn out of the work was
that the profile did not exhibit a turning point within the length of the gutter. Thisis of
interest, asit meansthereis still some interest in the siphonic outlets as a method for

reducing the depth of flow in the gutter.

6.3.Comments on other Predictive Methods: Why use the Manning
formula?

As has been shown quite clearly in the earlier practical work, the profiles generated
by using the model developed (with one fixed empirical data point required by the
numerical technique) and those obtained by experimental work are similar. In the case
of the v-section guitter, there is some discrepancy, which isto be expected, asthe
flowsinvolved were large and oscillating over arelatively large range. However,
thereis a close correlation between the two, and the results obtained with the

rectangular cross-section also suggest some validity in using the model.

Given that the theoretical model developed isvalid for the situations being
considered, it is necessary to consider its practical application at this point. If the
spreadsheet isto be used as adesign tool in the field, then the initial data point
required for the numerical technique may be difficult or unfeasible to obtain. It would
be preferableif the entire profile could be predicted without requiring the use of any
empirical data. One possibility to be considered in this caseis that of using the

Manning formulato generate an initial point.
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6.4.Initial Generation of Data Point via Manning Formula

From the Manning equation:

k 2 Equation 5.10
Q=—S,RZA
n o H

It is possible to generate a solution to provide an initial point to use with the
numerical methods detailed previously. For arectangular cross-section, with S| units,
the following substitutions may be made:

k=1

Q=0x

A=WD

WD

R, =
W +2D

Substituting these into equation 5.1 gives:

Equation 5.11
1 WD []3
X==,/S Bigy
¥ =VS Syt opd (W)
This can be rearranged to give:
Equation 5.12

Which can be used to give an iterative solution for D at any point aong the gutter. It
should be noted that thisis only to be used as atool to generate an initial point, not as
apredictive model: the assumptions of the Manning equation are not valid for the

situation in gutter flow. Equation 5.12 can be used as below:
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Which converges rapidly to give a solution.

Severa points arise when considering using this approach to generate the initial point:

1. Using the Manning formula gives aflow profile considerably different from that
obtained by experimental methods. At small flow levels, the flow depth islower
than that obtained, whilst as the flow develops, the depth predicted by the
Manning formula rapidly becomes larger than that observed.

2. Under certain conditions, it is possible for the predicted depth using the Manning
formulato be one of supercritical flow. For example, testing typical values of g =
0.00025, a dlope of 2 degrees and arectangular gutter of width 0.05m, the flow is
supercritical a every point.

3. lItispossibleto gain what initially seems a more redlistic estimate by assuming
that the flow at the point being considered is critical. However, thisis not a useful
approach for use with the model developed, as the data point generated leads to a

breakdown in the model.

One possible approach to the difficulty of the Manning solution giving critical flow
conditionsis to use conjugate depths. For a supercritical flow, thereis a conjugate

depth which the flow may “jump” to. The ratio of depthsis given by™:

! Massey, B.S.1992. Mechanics of Fluids, 6™ Edition. Chapman & Hall, London.
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/ Equation 5.13
E = —£+ 1+2Fr12 d
h, 2 4

The use of conjugate depths may be justified by the argument that any supercritical
flow isunstable, and disturbances to the flow will tend to cause ajump to subcritical
flow conditions. In the situation being considered, the flow is being disturbed at every

point, and therefore maintaining supercritical flow is unlikely to be possible.

6.5.Optimal Slope
If the assumption is made that the optimal flow condition in the gutter is one where

the flow iscritical at al points (i.e. just before the onset of a hydraulic jump), then it
is possible to express the defining equation of the flow to give an expression for the

slope at each point (considering a rectangular cross-section):

Cp gA’S, V(A’S, 2A Equation 3.32
dD R1/3_ 292 s
= H
dx

g-x gx X
dA A’g d o
- —H L
o e a0 1 O
This can be rewritten as follows, and then simplified:

dbHdA [ A’g d oo C A’S,  V(A’S, 2A
dx B zgz _a L(y)ydy 1533 = 292 f ;T
X —dD x= dD [Jo R, g-X gx X

Astheflow iscritical, the second term of the left hand side tends to zero, giving:

0= Cp _A’gS, Vv A’S, L 2A Equation 5.14
R/® g% ax* X




Astheflow iscritical, the Froude number will be equal to 1, and hence v=,/gD . As

gD =v? =§%g
|

Which can be rearranged to give

oo % Equation 5.15

D,= ; q-2 XIZ Equatlon 516

Thus the depth at any point along the gutter can be found.

Equation 5.14 may be rearranged to give an expression for the slope as afunction of

X
2A, Cp
X R%
S= I » B
ASQ V¢ A?
92X * oG Equation 5.17
: 1 A : e ,
Noting that — = —, equation 5.17 can be smplified to give
vV OgX
2A, Cp
X R%
S= H
Wt
qgD Equation 5.18

A difficulty arises when the expression for v is expanded, as this contains aterm with

S, However, on examining the spreadsheet for typical cases, it was found that the first
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term of the denominator is much larger than the second, and so the expression was

simplified to the following, for initial consideration:

27A+ Cp Equation 5.19
X RF _2D . Cw +2D)%

STTw W X W/D}/

Substituting equation 5.16 gives:

%,v FE{ Equation 5.20
w?g H
q°x?
w’sg ,WZQ

This then gives an explicit expression for Sin terms of x. From thisit is possible to

S(x) = 3

recal culate the slope, using theinitial slope generated and substituting into equation
5.18. It was found that this gives very similar results to those obtained neglecting the
term for the velocity of the water in the direction of flow.

An example of the optimum slope predicted is shown below:
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Optimum slope at each point for typical slope and high rainfall intensity
(Slope =1.71 degrees, q = 0.00025 m”2/s)

0.12
0.1
0.08
x
®© , : :
o 0.06 Iteration 1: Neglecting falling
5 water term
]
------ Iteration 2: Falling water term
included
0.04
0.02
0
QA0 > O ®© > DD © > AR N ANAO R O A DO P
FCY G W2 R Lo W P 8P ° o Al oF R AR, P P AN 07 F
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7. Further Theoretical Work: Non-Dimensional Solutions

7.1.Non-dimensional form:

Although the numerical method previously described validates the model, and will
accurately predict the depth profile given an initial data point, the generation of this
point is difficult, and the approaches attempted, using the Manning formula, were not
successful. It might be possible to develop a further model to describe the flow at the

inlet end of the gutter, but on examination this was found to be a non-trivial problem.

An aternative method to avoid the problem of generating the initial data point isto
find anon-dimensional form of the solution to the flow, and then find an asymptotic

solution to give an explicit expression for the depth.

Using the expression previously developed to describe the flow in the gutter:

Cp A’gS, V(A’S, L 2A Equation 3.32
db _RY®  g°x° > X
ax da_ A? dF,
dD  pg’x® dD

This can be non-dimensionalised with respect to two length scales: L, the gutter

length, and alL , a characteristic length scale for the section dimension (e.g. \/X ).

First non-dimensionalise each of the respective terms:

=X Equation 7.1
L

D'= D Equation 7.2
aL

45



A Equation 7.3

A=

oLy
. C Equation 7.4
C'= NEEE
R,'= Ry Equation 7.5
alL

p= P Equation 7.6
alL

ve_V Equation 7.7
JgaL

This becomes more complex (but not insoluble) when considering the flow intensity

g

Vv A 2
JaaL ——\aL
yo P g g VA VoaL J (aL)Z( )

A X XL
L

Substituting for v’, A’ and X’ gives:

q= V' A /(gal)a?L? Equation 7.8
L

X'
— q'\/EGSIZLglz

For v, ' use \/dLS; :

v Equation 7.9
" Jos,
For in: in 0 gD®* =gD%a’L’
P P
F' 1 Equation 7.10
P (FP / P) 313
P ga-L
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Substituting these terms on the left hand side of Equation 3.32:

dD _alLdD'__ dD'

dx L dx d_x

On the right hand side, considering the numerator terms individually:

Term 1: Cp :orle‘C p%

Re R

AlgS, MA®S,
Term 2 W =al 2 Dy'2

v, A’S A2 g Y2
Term 3: — OZGLB‘/f ° E/E

X H ax?

Term 4: Z—A:GLWH
X O X 0O

Considering the right hand side denominators terms:

Term 1: % =aL%
dD dD'
2 d\F./ 2 dlF' [/
Tem2: 2 . p):aL A dF,/p)
q2X2 dD ql2 Xl2 le

Substituting these terms and cancelling the common aL factor from the numerator and

denominator of the right hand side:
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Equation 7.11

Alternatively, using a Froude number type non-dimensional term for the velocity of

_Vf D\/._f:—m
7oV s

Substituting for V', in equation 7.11, gives:

the water falling into the gutter: v, =

Cp_ A’S, V,A?S, s NG Equation 7.12
a dD' - R'}_{S q'2 D'XI2 q' Xl2 . X'
dx’ da Az dF',/p)
d' ¢D' dD'

7.2.Non-Dimensional Asymptotic Solution

In order to consider the parameter space defined by reasonable values for gutter
dimension etc, the non-dimensional form of the model may be used.

In this section the approach and techniques used will be outlined. The detailed algebra
will not be given.

It is possible to find an explicit solution for the depth in terms of x, if the assumption
is made that

D'= D,"+aD,'+O(a?) Equation 7.13

And that considering up to first order terms will be sufficiently accurate.
: , db’ : . , ,
Equation 7.12 gives a o as afunction of arange of factors, including D’.
X

Substituting equation 7.13 into 7.12, the left-hand side becomes
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' ' ‘ ‘ Equation 7.14
, D' _ [, +d(aDl) 09D oy v
dx’ de' dx’

The terms in the right hand side can be expanded likewise, with terms such as (DO + Dl')_%

Y, D, [
convertedto D, 3%+GD—?E , and binomial expansions used
0

[@+x)" =1+ I+ EMB(Z providing x <<1], for example:
Mo O 2 O

(D, +D;) % = DO%EHJR?H: D(;%E—Eaﬂ%
D, 3" D,

Once al the termsin 7.12 have been expanded in this manner, orders of a can be equated.
Taking Ofa®) i.e. Oft), the left-hand side goes to zero. Thisallows D;, to befound asa
function of x'. It was found that the zero-order solution given is equivalent to using the

Manning solution at agiven point x and assuming that an equilibrium has developed at that

point.

Once this has been done, the next order terms may be equated (O(a)), giving ddD? asa
X

function of D,and D, . The previous solution for D, intermsof x' may be substituted in

(and differentiated for the term on the left-hand side), to give an expression for D,asa
function of x'.
Given these terms, equation 7.13 can be reconstructed, to give D'as an explicit function of

X', which can then be solved.

2 |t should be noted that this does not say that the Manning equation predicts the depth profile as a function of
x: the derivation of the Manning formula relies on there being no change of depth with x, this assumptionis

contradicted by the derivation of afunction giving depth as a function of x.
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The correction factor given by the first order acts to increase the depth of the flow in the
gutter. It is possible to expand the solution to higher orders, but this would require a
considerable amount of working, and has not been conducted for this project.

There is some breakdown in the terms at the upper end of the gutter, showing a breakdown in
the model. Thisis not particularly troubling in terms of applying the model, as the depth at
the upper end of the gutter is not the most important point to be considered: one assumes that
the depth downstream will be greater, and so determine the performance of the gutter.

Although the corrective term seems relatively small, this does not mean it is insignificant.
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8. Siphonic Guttering Systems

The use of siphonic guttering systems, where the flow in the gutter is drawn into the
downpipe, rather than falling under gravity, are of interest for rainwater harvesting, but their
examination falls beyond the scope of this project. Some initial information on the theory

involved in siphonic guttering is included in Appendix A.

51



9. Conclusions & Further Work

The experiments conducted, allied with the computational model developed, have validated

the theory developed in this report.

The work has shown that the generation of the initial data point required by the numerical
method employed is non-trivial. Thisis asignificant problem for devel oping the model into a
useful design tool. The only remaining ways of generating the data point are estimation from
experience or further experimentation, leading to reference data to give upstream depths.
Neither of these are ideal: the estimation brings into question the reliability of any data
generated by the model, and the experimental work to characterise the upstream conditions

would be time consuming, and could never be exhaustive.

Approaching the problem by formulating a non-dimensional version of the governing
equation and solving this asymptotically seemsto be afruitful line to pursue, asit not only

gives an explicit solution, but also alows the parameter space to be covered more efficiently.

Given the development of the asymptotic solution, further work should include systematic
parametric investigation. This should cover the sensitivity of gutter capacity to the
characteristic variables: gutter geometry, aspect ratio, material and surface roughness,
variationsin rainfall intensity. It would be useful to cover the possibility of varying the
slope: quantifying the benefit, if any, of dividing the gutter into several straight sections of

different slopes.
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Further experimentation would be useful, not only with the rig at present, but with arig more

capable of smulating actual rainfall conditions. Improvements to the rig would include:

» Greater length over which the rainfall could be generated.

* Lower rainfall intensities possible (with uniform distribution of flow into gutter).

* Modification of baffles to give control over flow distribution: the choice should be
available asto whether the rainfall simulated would be in a continuous shest, or in
discrete jets. (Thiswould allow the simulation of corrugated roofs.)

* Moreefficient and accurate measuring devices. some form of measuring device which
automatically time-averaged the depth at the point to be measured would be preferable to

the current situation of the experimenter having to estimate the mean depth.

Further investigation and experimentation to quantify the drawdown effect of even having

the discharge under gravity is also of interest.

Some work could be done to consider whether higher order asymptotic solutions to the non-

dimensional equation give significant changes in depth profile.

Once sufficient accuracy has been achieved with the asymptotic solution, improving its
presentation into a more user-friendly package would be beneficial. Thiswould generalise
the input data so that one package could cope with avariety of different cross-sections, and

including automatic searches to reduce manual iteration.

The area of siphonic guttering is still of interest. However, the writer has some reservations
asto the potential for applying such systemsin developing countries, both from system

complexity, increased material costs, and effectiveness of the system in reducing water depth
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in the gutter for agiven flow. In a developing country context, the cost of unskilled labour is
comparatively lower than in a developed country, so the increased amount of materials

required to obtain an effective siphonic system may outweigh the other benefits obtained.

In summary, the project has devel oped the tools that may be effectively used to assist with
understanding the behaviour of gutter flow, and in the design of rainwater harvesting
systems. There is considerable scope for further investigative work, but the fundamental

techniques seem unlikely to change.
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Appendix A: Siphonic Guttering Systems

A.1 Siphonic Systems Literature Review

Siphonic Systems have been in use since the mid 20" Century, particularly in Europe. The
fundamental principle of their operation is that by developing full-bore flow in the downpipe,
apressure difference may be developed, which actsto drive the flow through the downpipe
more rapidly than falling under gravity alone. [Thisis explained in more detail later in this
Appendix]. At first consideration, this would suggest that the depth of water in the gutter be
reduced, at least in the vicinity of the downpipe. Bramhall and Saul* claim the siphonic
system has the advantage of quickly removing large quantities of rainwater cost effectively.
A clear introduction to the workings of a siphonic system, including the priming procedure,
can be found in some of the work by Arthur and Swaffield?, including some numerical
modelling of the system beyond the writer’s comprehension.

They make the point that the majority of rainfall events a siphonic system would have to
drain would be well below the design condition. Establishing the required full-bore flow
depends on matching the drainage network to the expected storm hyetograph, but thisis not
the only factor to consider: some form of extra hydraulic resistance is required. The most
common device used seems to be a horizontal section, as mentioned by Arthur and
Swaffield?. They also detail afurther difficulty, with vortex formation at the inlet injecting
air into the system: this would cause the flow throughout the downpipe to be at atmospheric
pressure, and thus no driving pressure difference would be developed. The system outlets are

designed to inhibit vortex formation.

Bramhall and Saul* found that BS 0367 gives accurate depths for flows, and so may be used

asadesign tool for siphonic systems. A further point made by Bramhall and Saul® concerns
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the position of the outlets within the gutter, and suggests positioning them as close as

possible to central within the gutter, as the flow into them is already limited by the presence

of afinite gutter sole. From experimentation Arthur and Swaffield® found that a significant
amount of air entered the system due to entrainment within the system inflow, via turbulent
flow within the gutter. They aso found that with increasing rainfall intensity, partia
unsteady de-pressurisation of the system will occur, resulting in substantial amounts of air
being drawn into the system. The cyclic nature of the unsteady flow regime leads to some
noise generation and structural vibration, which could lead to physical failure of the system.

Even when the inflow to the system is approaching the design condition, ambient flow

conditions are far from steady.

Bramhall and Saul* have done some experimental work with atest rig, and mention some

further work to be pursued, which could be of relevance to both siphonic and possibly

general flow in gutters. Martyn Bramhall was contacted, and proved extremely helpful with
gueries. Unfortunately, the data had from the experimental work had not been processed by
the time of writing.

There are several issuesto consider in relation to siphonic systems and their suitability for

developing countries.

* Theissue of noisein the system, as detailed in [2], could lead to durability problems,
particularly in situations where there are less stringent quality control systemsthanin
industrialised countries.

» If, asstated in [1], the existing British Standard for predicting gutter performanceis
reasonably accurate for use with siphonic systems, then this suggests that there isnot a
significant reduction in depth obtained with the siphonic system. If thisis correct, then
there would appear to be little attraction in adopting such a system in a developing

country context. This conclusion does seem counterintuitive: if it is possible to obtain
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full-bore flow with the same bore of downpipe, then presumably the influence of the
pressure differential added to that of gravity would give an increased velocity of the flow
in the downpipe, and hence in the gutter. Asthe flow rate in the gutter remains constant,
the cross-sectional area of the flow must decrease.

The complexity of the system, as described, with baffles being required, may make it too

complex for a developing country situation.

M.A.Bramhall & A.J.Saul. Performance of Syphonic rainwater Outlets. 1999

Proceedings of the Eighth International Conference on Urban Storm Drainage.

. Arthur, S. and Swaffield, J.A. Understanding Sphonic Rainwater Drainage Systems.

Drainage Research Group

M.A.Bramhall & A.J.Saul. September 21-23 1999. The Hydraulic Performance of

Syphonic Rainwater Outlets Relative to their location within a gutter. CIBW62 Water

Supply & Drainage for Buildings.

M.A.Bramhall & A.J.Saul. Examination of the performance of syphonic rainwater

outlets. 1998 International Symposium on Water Supply and Drainage for Buildings.
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A.2 Siphonic Systems: A Brief Introduction

In a conventional guttering system, the flow iswater is produced by the action of gravity
alone on the water. In a siphonic system, a pressure difference is generated and used to
increase the rate of flow. As can be seen in the figure below, if full bore flow is developed in

aqguitter, the pressure at the top of the gutter must be less than that at the bottom, by p.g.h.

The surface of the water in the gutter is still exposed to atmospheric pressure though, so

thereisapressure differential driving the fluid in the same direction as the flow in the guitter.

Atmospheric pressure

SO A A O A A1

I

Point P

Height

Downpipe

Atmospheric pressure

\/ bibdbddd

Figure A.1 Simplified view
of downpipeto illustrate
pressure differential.
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There are problems associated with siphonic systems, which will be examined in the report.
The main problem isthat of creating a system that will be self-primingi.e. will automatically
achieve full bore flow from an initial system in which there is no water in the system. A
simple arrangement with a vertical downpipe does not have sufficient hydraulic resistance to
allow thisto occur, so some extrafeatureisrequired in the system. In most cases this feature

issimply alength of horizontal pipe, so the guttering from the channel then becomes:

Indicates
direction of flow

Figure A.2 Simplified
pipe arrangement for
siphonic system

62



Appendix B: Calibration Experiment
Test Rig Calibration

Thetest rig isfitted with a venturi meter on the inlet to the pump, and the number of valve
turns can be measured. The calibration experiment was intended to allow a correlation to be
established between flow intensity from the gutter, and either or both of the venturi reading,
and the number of turns of the valve.

To allow this, the flow from the gutter was collected in a graduated container, and the time
taken for it to fill the container to a certain level measured, for various recorded numbers of
valve turns and venturi readings. The data from this experiment can be found at the end of
this section.

As can be seen in the work by Garcia, Bernoulli’ s equation predicts that the relationship
between height difference measure using the venturi meter, and flow through the meter,

should be related by

Q=C+/Ah Equation B.1

Where Q isthe flow rate, Ahthe height difference measured across the venturi meter,

and C the constant of proportionality. From the results below:
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Flow rate (I/s)

Callibration experiment

& Seriesl
—Linear (Seriesl)

0 0.5 1 15 2 25 3 35 4
Square root of venturi height difference (cm”0.5)

It can be seen that there is alinear relationship, and from the data below, that the
constant is reasonably steady at 0.75, when Q ismeasured in I/s, and Ahincm. Thisis
likely to be more reliable than the number of valve turns, as problems were
encountered with backlash in the valve. However, both readings were taken in the

remaining experimentation.



Number of valve [Venturi mean Mean flow rate  [Squre root of Constant of
turns height difference |(l/s) height difference |proportionality
(cm) (cm™)
3 0.3 0.38 0.52 0.72
4 1.4 0.90 1.19 0.75
5 3.3 1.28 1.81 0.71
6 4.7 1.60 2.16 0.74
7 5.7 1.72 2.38 0.73
8 6.2 1.87 2.49 0.75
9 6.7 1.88 2.58 0.73
10 7.1 2.00 2.66 0.75
11 7.4 2.04 2.71 0.75
12 7.6 2.07 2.75 0.75
9 6.6 1.91 2.56 0.74
6 4.8 1.61 2.18 0.74
3 0.4 0.38 0.63 0.59
TableB.1
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Appendix C: Experimental Method

Initial approach

Given the large number of variables to be considered, it is not feasible to take a
detailed profile along the gutter. The more practicable approach is to take readings at
afew selected points, to establish whether there is any correlation between data
recorded from the rig and that predicted by the model.

To make the readings of the depth possible, a simple device was manufactured, using
athreaded rod and some Perspex. It was hoped that this would allow measurement of
the depth without interfering with the flow in the gutter, as doing so would alter the
variable to be measured.

Two sets of experiments were carried out, one using v-section gutter, manufactured
from aluminium, and the other using plastic semicircular guttering. In both cases, the
geometry of the rig limited the range of slopes available, asthereis alimited height
drop possible beneath the baffle supplying the water. Each slope was used for four
experiments of varying flows, in the case of the v-section for 3 to 12 valve turns, and
in the case of the semi-circular gutter, for an equally spaced number of valve turns

from 3 to the number at which the gutter was observed to start overflowing.

66



Flow intensity (I/s/m)

1.200

1.000

0.800

0.600

0.400

0.200

0.000
0.17

Appendix D: Flow Distribution Experiments

Flow Distribution along the gutter

As noted earlier, the distribution along the gutter appeared to depart from the ideal
used in the modelling. To quantify this departure, afurther series of experiments were
run, with varying flows, measuring the flow over five sections of the gutter.. This

gave the flow distribution as shown below:

Flow distribution along blind pipe

0.51 0.85 1.19
Distance along blind pipe
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Series

Flow intensity (I/m/s)

A 0.21
B 1.18
C 2.00
D 2.79
E 5.64

As can be seen, there is some departure from the idealised situation used in theinitial

theoretical work.

The experimentation to establish this distribution was not very sophisticated, and

there was insufficient time for repeat readings to be taken.

Initially the decision was taken to ignore the deviation from the ideal distribution as
being negligible: if the theory and data agree fairly closely, then thereislittle to be

gained from further experimentation.
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Appendix E: Results- Triangular Cross-section
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Appendix F: Results- Rectangular Cross-section

As can be seen, for two of the rectangular cross-section data sets there is avery good
correlation between the predicted and measured data (with some deviation as the flow
becomes critical and the model breaks down). The behaviour of the model after this
point is not relevant: it is dependent on the magnitude of the iterative step size used in
the numerical method, rather than behaviour of the model.

For the third set (Slope of 1 degree, g of 0.0004) there is a considerable difference
between the prediction and the measured results. This may be explained in terms of
inaccuracy of measuring the slope: if it is changed by 0.5°, then the other plot shown
is obtained, showing a close correlation. Given the experimental rig, and the method

for measuring the slope, an error of this magnitude is not impossible.
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