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ABSTRACT

The use of rectangular strips, aligned orthogonally to the
direction of flow and positioned atregular intervals, forartificial
roughening of open channel boundaries in laboratory
investigations or model studies has a number of practical
advantages. However, a disadvantage has been that formulae
for evaluating artificial strip roughness have been limited to the
fully developed completely rough regime,

The paper will describe a study of strip roughness and
present results that include a new formula that applies for all
regimes: smooth; transition; and fully rough.

Interpretation of results also offers some explanations as
to why some researchers have noted a substantial scatter in
experimental friction factors for hydraulically smooth channels.

NOTATION

d circular conduit diameter |m]
it Darcy-Weisbach friction factor

/i bed friction factor

g gravitational acceleration [m/s?]
H  head; flow depth in main channel [m]
k roughness height [m]
k,  equivalent Nikuradse’s sand roughness height [m]
R hydraulic radius [m]
Ry bed hydraulic radius (= H) [m]
Re  Reynolds number (=4UR/v)

R, Reynolds number for the bed (= 4U/Rp/v)

Sy slope of the energy grade line

us«local friction velocity (=470 7p) [m/s]
usp, local bed friction velocity (= U/ %) |m/s]
U/depth averaged velocity |m/s]
X roughness parameter for strip roughness [m]
K Von Karman turbulence coefficient

A roughness strip spacing [m]
v kinematic viscosity [m¥/s]
p  fluid density [kg/m?
ro  local boundary shear stress |Pa|

HRD High Roughness Density
LRD Low Roughness Density
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INTRODUCTION

Laboratory investigations in open channels have made
extensive use of strip type elements to develop artificial
roughness. The elements are attached traversely across the bed
of the channel at regular intervals. This form of roughness
provides a number of practical advantages over other artificial
roughening techniques which include:

+ reduced effort in placing roughness elements where a
regular pattern is required;

= reduced effort in reconfiguring such patterns;

= precisedescriptionofthegeometricpropertiesofboundary
roughness; and

« potential for planning strip layouts to provide a wide
range of roughness characteristics for a series of
experiments.

Although a number of researchers have examined the
technique and it is widely used, calibration still remains an
essential prerequisite to application. A further limitation is that
the theoretical roughness function, that has previously been
appliedtoresearchbyothers,isonlyapplicabletofully developed
turbulent (completely rough) flow. This has therefore made it
difficult for researchers to properly investigate the relatively
low Reynolds number regime such as flow in shallow channels

THEORY

Background

Roughness functions have traditionally been defined in
terms of friction laws developed for pipes roughened with sand.
According to Schlichting [ 1979], in the region of laminar flow
all rough pipes have the same resistance as a smooth pipe and
canbe saidtobe hvdraulicallysmoorh withresistance depending
on hydraulic radius alone. As the Reynolds number of flow
increases the resistance function deviates from that fora smooth
pipe and approaches the region of the quadratic resistance law
where resistance depends on relative roughness (k,/R). Hence
the hydraulic characteristics of flow may be classified in terms
of three distinct regimes:

hydraulically smooth — transition — completely rough

with the extent of each regime region being defined by the
dimensionless term i+ /v.

! A full review of this earlier work is given in Macintosh | 1990).




Colebrook [1939], in a joint effort with C.M. White,
established a resistance function which correlates the whole
{ransitiontegion from hydraulicallysmoothto completely rough
flow. This well known function may be expressed as:
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Sayre & Albertson [1963] undertook a series of detailed
experimental investigations into the artificial roughening of
channels. This lead them to the conclusion that the variation of
the resistance function, to a relative roughness parameter (c),
was logarithmic in nature and could be described by an equation
of the form:
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for complerely rough two-dimensional flow (wide channel, Ry,
= H). They also found that a value of k equal to 0.38 was
appropriateforartificialroughnessinvestigationsinopenchannel
flow.

Application of equation (2) to the methodology applied
by Colebrook [1939] for the formulation of the resistance
function, equation (1), then gives a general resistance function
for strip elements:
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where « has been set equal to 0.38.

Fory — Othisequationtransformsintoaresistance function
for hydraulically smooth flow. For Re — o it transforms into
equation (2) for the complerely rough flow regime.

A comparison of equations (1) & (3) shows a near linear
proportionality between the x and ks roughness parameters:
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However, despite the similarity between these equations,
interpretation of calibration results hasalso shown a dependence
of friction factor on the spacing (or density) of strip roughness
elements. This dependence is not apparent when dealing with a
uniform surface roughnesses having a relatively high density
(ie. packed sand grains).

GEOMETRY

Artificial roughness elements were formed from
aluminium strips, rectangular in cross-section and 10 mm wide
by 3 mm high (k = 3 mm). These were aligned orthogonally
across the channel and spot glued in position at a regular centre
to centre spacing. 7.

Roughness was conveniently varied between calibration
runs by the systematic removal of the strip elements on an
alternate basis (starting with | = 30 mm).

CALIBRATION

Apparatus
Calibration experiments were undertaken ina rectangular
channel, 1065 mm wide and approximately 25 m long. The

channel was constructed from perspex and selto a uniformslope
of 0.10%.

Regulated flows tothe channel were supplied by a variable
speed pump. Low flows were measured using a V-notch weir
located in the return water circuit. High flows were measured
using a Dall-tube mounted in the discharge line of the pump.

]

Tailwater levels in the channel were controlled using an
adjustable free over-fall sluice gate. Water levels were measured
using static pressure tappings which were installed in groups of
four aligned transversely across the width of the channel.
Tapping group were spaced at 1.2 m intervals over full length
of the channel and each group manifolded to a common
manometer.

Methodolo;

A total of six calibration series were undertaken with each
series having a specific strip roughness configuration as listed
in Table I. Artificial strip roughness elements were fixed only
to the bed of the channel (ie. smooth side walls).

TABLE I. — Calibration Series

SeriesNo. | 1 [ i | 1 ] v | v [ Vi
X (ciinn) 30 60 120 240 480 o
Ak 10 20 40 80 160 e

Each series comprised nine individual runs covering a
range of flow depths from approximately 20 mm to 100 mm, in
10 mm increments.

The general experimental procedure comprised the
following steps:

* set up roughness elements to the desired configuration;

* establish uniform flow conditions at approximately the
target depth;

= measure flow rate and actual depth;

+ compute f;, from measured data and include corrections
for side walls®and datum plane shift (Adachi [ 1984]); and

* compute x using the general resistance function, equation

It should be noted that computation of ¢ using equation
(3). contrasts to the method applied by Sayre & Albertson
[ 1963 who ensured that all their data fell within the completely
raugh flow regime. This allowed direct computation of x
parameters from equation (2). Although Knight & Macdonald
11979] also applied this approach there is some doubt as to
whetherallof their dataactually lay within the completely rough
regime.

REVIEW OF RESULTS

Roughness Parameters

Calibrationy valueswere derived foreach skexperimental
series by averaging values obtained from each run within a
series (9 runs per series). Results are listed in Table II. A
comparison between predicted roughness values obtained from
equation (3) (using calibrated x values) to experimental data
gave a standard error in f; of 5.9% (average error of 0.0%).
Values of equivalent Nikuradse sand roughness (&), the
roughness Reynolds number (us5ky/v) and flow regime
classification are also listed in Table II for reference.

It will be noted from Table 11 that equivalent Nikuradse
sand roughness values are dependent on both flow depth and
Ak and therefore encompass a range of values for each
experimental series.

2 Friction tactor side wall correction based on the concepts of Einstein.
Johnson and Vanoni & Brooks as presented by French | 1986] and
modified by the author to include the work of Knight et al | 1984].



TABLE II — Artificial Strip Roughness x Parameters

Series 1 It 114 v v VI
Ak 10 20 40 80 160 o0
X (mm) 1418 | 1.177 | 0542 | 0232 | 0.102 | 0.004
.4:J (mmy) 15-18 | 12-15[5.0-8.2|2.0-4.0(0.6-2.4|0.0- .08
kix 2.116 | 2.549 | 5582 | 1295 | 2935 | 761.0
v* kv | 200-450 | 180-370(92-150| 37-54 | 15-28 [.13-1.6

Regime rough | rough | rough | transitn | transitn | smooth

Variation of x with % is presented in Figure 1. For
comparison, ¢ parameters after Knight & Macdonald [ 1979 ] are
also shown. It should be noted that Knight & Macdonald’s
calibration refers to roughness strips which were 3 mm square
(in contrast to that used for the current research) and therefore
produce slightly different characteristics. It is interesting to note
that some consistency between the two sets of data is apparent:

* thedecreasein cwithincreaseina, withanear logarithmic
variation for 1/4 > 20; and

* amaximum artificial roughness ata relative spacing (A/k)
of around 10.

The apparent shift in Knight & Macdonald’s calibration
function also suggests that their strip roughness elements are
capableof producing a given artificial roughness atalower strip
spacing density than that required for the strips used in current
research.
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FIGURE 1. — Artificial Strip Roughness x Parameters

Regime Limits

According to Schlichting [1979], flow regime
classification may be delineated in terms of the tollowing
dimensionless limits:

* Hydraulically Smooth: ”*;'A < §: (5)
o Transition: § = #‘— £ 70; and (6)

. ) Uk 7
« Completely Rough. N = ==, (7

Application of these regime limits to the calibration
parameters listed in Table IT show that only the three most dense
roughness spacing configurations (/& = 10, 20 & 40) produced
completely rough flow, while the remaining two spacing
configurations (A/k = 80 & 160) produced roughness in the
transitionflowregime. Thegeneralresistanceequation (equation
(3)) was therefore used for the evaluation of all calibration
parameters for all flow regimes.

Transition Function

A transition function for open channel flow, based on the
generalresistance function (equation (3)), is presented in Figure
2. This function represents an open channel adaptation of the
transition function for pipe flow. Accordingly the figure presents
thoserelationships which express the difference between actual
and completely rough resistance in the form:

fa=o ) ®

where @ is a function defined by:

in which the first right-hand side term represents the acrual
resistance, and the second term gives the completely rough
resistance.

Note:
LRD - Low Roughness Density
HRD - High Roughness Densily
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FIGURE 2. — Open Channel Flow Transition Function

Substitutionof hydraulically smooth .transition (equation
(30, and completely rough (equation (2)) resistance functions
into the first right-hand term of equation (9), and setting « equal
to 0.38 (Sayre & Albertson [1963]), then gives the transition
functions presented in Figure 2:
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A number of ancillary curves are presented in Figure 2 in
addition to the basic transition function (equation (11)) and
associated experimental data. These additional curves represent
functions associated with: completely rough; hydraulically
smooth; hydraulically smooth - high roughness density (HRD);
transition - HRD; and transition - low roughness density (LRD).
A curve for hydraulically smooth - LRD is not shown as this
very nearly overlies that for hydraulically smooth.

Reference to a typical transition function for pipe flow
(White [1939]) will only show one set of curves comprising that
of the transition curve with its associated completely rough and
hydraulically smoothtangents. These functions implicitly refer
to resistance characteristics associated with a uniform high
density roughness configuration, such as that developed when
using a uniform sand coating. However, the use of strips for
artificial roughness elements creates a non-uniform roughness
density which will vary in accordance with the strip element
spacing, A.

In Figure 2 the curves associated with HRD and LRD
functions represent bounding limits between which the actual
strip roughness transition function will lie, The limiting HRD
case would comprise narrow, closely spaced strip elements
(equivalent to say a surface treatment of sand) whereas the LRD
/imit could be taken to comprise an isolated strip element.

For a given roughness value (x) Figure 2 also shows that
the effective boundary friction will increase with a decrease in
strip element density (increase in 1). This characteristic has
previously been discussed in relation to the data after Knight &
Macdonald [1979]. (Figure 1).

Itisalsointeresting tonote that LRDcharacteristicssuggest
that small irregularities in the bed of a channel (such as that
produced by any misalignment in the joints of a laboratory
channel, or poor surface finish) would be likely to result in a
relativelylargeincreaseinbedfriction. Thisobservationtherefore
offers some explanation as to why some researchers have noted
a substantial scatter in experimental friction factors forchannels
which are meant to be hydraulically smooth.

Resistance Diagram

The general resistance function (equation 3)) has been
used. in conjunction with calibrated ¢ values, to construct a
resistance diagram for the particular type of strip roughness
element used in this research, Figure 3. This diagram covers a
R, range from approximately 5x 103 to 250= 103, and a A/k ratio
range from 10 to e (hydraulically smooth).

As noted in Table Il experimental friction factors for:
Wk equal to 10, 20 & 40 lie within the complerely rough regime:
nk equal to 80 & 160 lie within the rransition regime; and Ak
equal to e lies within the hvdraulically smooth regime,

Associated experimental data points are shown in Figure
3 and resulted in an overall standard error to predicted fb of
5.9%. These findings have been taken to depict satisfactory
performance of the transition function.

CONCLUSIONS

The use of rectangular strips for the generation of artificial
roughness have been found to be well suited to open channel
experiments where the strips are aligned orthogonally to the
flow. Calibration experiments have shown that variation of strip
spacing () may be related to the strip roughness parameter (x)
by a unique continuous function. Comparison with research by
others has shown this function to be dependent upon strip cross-
sectional geometry.

The proposed general strip element resistance formula
has been shown to satisfactorily corrclate the whole transirion
regime from hydraulically smooth to completely rough,
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FIGURE 3. — Strip Element Resistance Diagram
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