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A novel configuration of a landfill wellhead was analyzed to measure flow rate of gas extracted
from sanitary landfills. The device provides access points for pressure measurement integral
to flow rate computation similarly to orifice and Venturi meters, and has the advantage
of eliminating the problem of water condensation often impairing accuracy thereof. It is
proved that the proposed configuration entails comparable computational complexity and
negligible sensitivity to geometric parameters. Calibration for the new device was attained
using a custom optimization procedure, operating on a quadri-dimensional parameter surface
evincing discontinuity and non-smoothness.

Keywords: flow rate, landfill gas, flowmeter, Darcy friction factor, optimization on dis-
continuous surfaces

1. Background

Landfill gas collection often requires installation of flowmeters to comply with environ-
mental regulations. Landfill gas is extracted under vacuum at numerous well points, each
monitored for flow rate and gas composition. Methane, carbon dioxide, nitrogen and oxy-
gen are commonly contained in the gas stream extracted. In the past numerous methods
have been employed to measure wellhead flow rates: orifice plates, Venturi meters as well
as other commercial devices. These devices have been used with some success, however
their accuracy is impaired when wet gases are encountered. At times space requirements
render their use inappropriate. The geometry of the new device addresses these issues.
The operation principle of an orifice flowmeter is briefly reviewed here to facilitate com-
parison with the proposed configuration infra. The orifice flowmeter comprises a plate
with a centred aperture that is to occlude the fluid conduit, and two sensors to measure
the pressure drop due to the occlusion. The flow rate is computed by means of a theo-
retical formula based on considerations of momentum and supplemented by an empiric
discharge coefficient accounting for phyiscal phenomena responsible for head loss not
captured by elementary conservation of momentum (Crane 1982). Quondam simplistic
models for this coefficient (Idel’chik 1960) proved unsound, the reason thereto designated
circa 1980s as a marked sensitivity of orifice calibration to the location of pressure sensors.
Since these two entities must be in close conformance to attain adequate accuracy of flow
rate estimation, the sensor locations were standardized to a prescribed distance upstream
and immediately past the plate, wherewith extensive experiements in conjunction with
comprehensive modelling begot the accepted nowadays Reader-Harris / Gallagher dis-
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charge coefficient (ISO 2003). However, somewhat cumbersome form thereof and iterative
calculation process entailed a praxis of commercial orifice flowmeters being calibrated by
the manufacturer in accord with the foregoing principles, providing a formula requir-
ing scarce computational effort, but also delegating the full responsibility for no longer
modifiable installation locations of pressure sensors to the field operator.

The following circumstances render the commercial calibration of the orifice flowmeter
incompatible with the geometry of a landfill well (Nec and Huculak 2015). In contrast to
as universal as it is tacit assumption of horizontal flow used in orifice flowmeters, the well
is vertical. Typical flow rates are low, at times necessitating reduction in the aperture
diameter to obtain a discernible pressure drop for the measurement, whence momentum
loss by gravity is on the same order of magnitude as due to the occlusion by orifice plate.
Thus applying a calibration constant issued for a horizontal flow impairs the accuracy of
flow rate estimation. Furthermore, it is impossible to instal the second pressure sensor
immediately behind the orifice plate due to water vapour, an ever-present component
entrained in the landfill gas, condensing thereon. Therefore the pressure sensor locations
do not conform to standards. In a recent study adequate accuracy of flow rate estima-
tion was achieved by a custom calibration procedure, incorporating an effective relative
roughness parameter to account for turbulence engendered by the presence of the orifice,
as well as discovering a linear dependence on the constriction ratio of plate aperture to
pipe diameter (Nec and Huculak 2015).

The current contribution proposes a novel wellhead geometry, wherein orifice flowmeter
usage is discontinued, eliminating the problem of moisture pooling on the orifice plate
and interference with pressure measurement. The new arrangement is shown to be insen-
sitive to imprecision inevitable in field installation, whilst the computational complexity
involved in flow rate determination is on par with the custom calibrated orifice flowmeter
counterpart (Nec and Huculak 2015). The feasibility of calibration of the new wellhead
is verified through a series of measurements, however experiments comprehending the
geometric and flow parameter space in its entirety are beyond the ambit of this study.

2. Geometry and flow equations

The wellhead studied herein consists of a tube of inner radius r and wall thickness ¢
inserted concentrically and secured in a well pipe of radius R > r, whose upper end is
blocked (see figure 1). The upstream pressure sensor is located by the annulus wall and
measures pressure within the nearly stagnant eddy zone. The tube ends with a sharp
elbow. A small horizontal recess holds the downstream pressure sensor, measuring the
static pressure at that point. The elbow outlet connects to pipework collecting gas from
nodes throughout the landfill.

For analysis of mass and momentum balance hereunder consider the control volume
from the upstream plane to the elbow inlet plane. Assume the flow steady, axisymmetric
and incompressible. Integral mass conservation equation reads (Batchelor 1990)

jlgvpu-ds:(), (1)

with 9V denoting the surface of the control volume V, p being fluid density, u —velocity
vector and s — area vector with the normal directed outwards. Completing the integration,

~7 Rty + 7w = 0, (2)

wherein u,, and w; are upstream and elbow inlet velocities respectively. Defining the
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Figure 1.: Wellhead flow geometry. Eddy region is shaded grey.

constriction ratio 8 = 7‘/ R, equation (2) becomes

Uup = /3271'1._- (3)

Integral momentum conservation equation reads (Batchelor 1990)

—/(;V(pu-ds)u+ vads = —/‘-/pfbodde + fourt, (4)

with p denoting pressure and f( .y — force vectors, remaining quantities defined heretofore.
Thus

1
TRk, - mrtud + = w2 puy = 7 (B2 = (1 +0) )pas = 7 (1 + )2 =12 )pac = 2pi [ = (5)
P

g 7TR2L—7r€( (T+5)2—r2)+7ﬂ”2£out +uﬁp0f TRL +7(r+0)0+mr(+ o) |,

wherein as before the subscripts ( - )up and ( - ); refer to upstream and elbow inlet
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planes, and ( - )aw and ( - )ae designating respectively annulus wall and entry planes.
Observe that the outlet area of the control volume is threefold: annulus wall, tube wall
ring and tube interior, responsible for the negative terms within the first set of braces.
Gravity is the sole body force, g denoting the gravity constant, the second set of braces
containing the volume of fluid within the pipe and tube compound, with the lengths
L, 0, 0y marked in figure 1. The surface force accounts for wall shear, by dimensional
analysis equalling a product of dynamic pressure % puﬁp, friction coefficient ¢y and area
affected thereby. Without loss of generality u,, is a representative velocity for the purpose
of friction modelling, whence cy is in accord with that choice.

The pressure immediately beneath the tube ring is related to the pressure at the
annulus wall through a simple fluid column, since both values are for stagnant fluid:

Pae = Daw + pgt, (6)

allowing to replace p,e in (5) and simplify, yielding

1
Uip_ﬁQUi + ;(pup_(l_ﬁQ)paw_BQPiL) = (7)

i) e ) oo )

The brace delimited term in (7) will infra prove essential to support the negligible sensi-
tivity of the studied flow geometry to variations of £ and ., two parameters prone to
installation imprecision.

Identical considerations of mass and momentum in conjunction with dimensional anal-
ysis allow to introduce the head loss coefficient ¢, due to a projection of one concentric
conduit within another

1
Pup —Pi. = 5pu12|_ (1 - 52) Cp + pg(L + gout)- (83)

Empiric studies show ¢, to depend on thickness ratio o / r (Idel’chik 1960). Analogously
for a flow through a sharp elbow with a recess

1
Pi. —Po_ = =pUi L, (8b)

2

wherein the subscript (- )o,_ refers to elbow outlet plane, with the head loss coefficient ¢,
being a function of relative roughness of the tube inner surface ¢ and Reynolds number
(Idel’chik 1960). Hereunder qualitative use only is made of the dimensionless coefficients
¢p and (_, rendering the accuracy and reproducibility of the specific values given in
Idel’chik (1960) of little moment. Since (8b) captures the head loss due to the presence
of the sharp bend alone, for all practical purposes p,,_ = pr,_, to wit the pressure measured
in the recess p; might be without loss of generality be deemed equal to p,_, the possible
differences absorbed in ¢ . Combining (8a) and (8b) with (3) gives

= +% (1-8%)G+¢ |+ (L+€ ) (9a)
DPup = Pr_ 2/@4 D L Pg out |- a
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Similarly from (8b) and (3)

2
Plyp
Pi. = Pr + o5t G- (9b)

Utilizing (9) to replace pyp and p;_ in (7), upon elementary algebraic manipulation one
obtains

2
uup _ Paw — pr,_

264 = = glout 5 (10)
wherein the coefficient C' formally equals
28%; | L o\ ¢
— 2 / 2 out
C—Cp+<|_—26 _1—52{E+/B ((24—;);4— , )} (11)

Expression (11) establishes negligibility of geometric minutiae’s impact on the hydraulic
resistance coefficient C, as is easily seen from the ascending powers of 5, the leading
order given by (, and ¢, both O(1). Interestingly, only even powers of § appear. Since
0 < B < 1, the power of 89, for instance, implies that the variation of ¢ and £y,; must be

0(6‘6) for that term to bear on the value of C, incontrovertibly exceeding conceivable

adjustments made in the course of installation and operation manyfold. This insensitivity
renders the reliability of the flow rate to be derived from (10) hereinafter preferable to
that of the corresponding orifice estimate evincing marked sensitivity to the location of
the pressure gauges. Here the locations are such as to make incorrect installation virtually
impossible, involving no measurements and none of the deftness and experience required
for an orifice. Therefore only the qualitative dependence C (3,¢,Re) is of import, akin
to the Reader-Harris / Gallagher discharge coefficient for the orifice (ISO 2003) and the
modified coefficient developed in Nec and Huculak (2015).
From (10)

P \/5/6 2 Paw — Pr_
up c P

yielding the volumetric flow rate

q= \/77”"2 Paw — Pr_ —gf . (13)
,—C P out -

Invoking the state equation for ideal gas p = pRT', where R and T refer to gas constant
and temperature respectively, juxtaposition of (13) above and result (13) of Nec and
Huculak (2015) forthwith reveals the conceptual equivalence of the orifice flowmeter and
wellhead geometry suggested herein. Identically for both devices the gravity term is
negligible by comparison to the pressure drop term for high flow rates, becoming coequal
only for nearly stagnant wells.

Albeit the suitability of the geometry analyzed here might not appear surprising given
that the wellhead has been ideated with the distinctive features of the landfill flow regime
in mind, whilst the orifice is a generic device, to attain its full potential, formula (13)
must be furnished with an adequate calculation procedure for the hydraulic resistance co-
efficient C'. Hence it is the authors’ intention to glean the qualitative form of C'(3, ¢, Re),

- ggout ) <12)
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ascertain the feasibility of calibration and verify that overall computational complexity
does not exceed that existing for related models of similar accuracy.

kRe

|
Rex

Re

Figure 2.: Typical functional shape of kre(Re).

3. Functional form of C

By (11) the resistance coefficient is a function of head loss coefficients ¢, and ¢ (¢, Re),
as well as the constriction ratio S and parameters pertaining to longitudinal geometry
together with the friction factor cy. Bearing in mind that formally 0 < 8 < 1 and in praxis
0<p< %, identically to the orifice, retainment of terms with powers higher than square
is incongruent with the measurement precision expected for the pressure difference in
(13). The generic friction factor ¢y is of the same order of magnitude as, for instance,
Darcy friction factor f (Moody 1944), and for the case of a simple pipe flow can be shown
to equal ¢y = 1 f (Nec and Huculak 2016). Therefore c¢; ~ o(1) and expression (11) is
henceforth curtailed to read

C=(+¢ -268%+0(BY). (14)

The qualitative dependence of ¢, and ¢ (e, Re) is adopted from empiric studies (Idel’chik
1960) and consequently modified below to suit the current application.

3.1 Coefficient

The head loss coefficient ¢, accounts for the disturbance to flow in the main pipe due
to projection of the inner tube thereinto. In general ¢, depends on the projection length
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12 / r as well as the thickness ratio ¢ / r, however for sufficient & / r the dependence becomes

trivial (Idel’chik 1960, pg. 98), as is indeed the case here with 0.1 < 5/r < 0.2. Therefore
henceforward ¢, is regarded a constant.

3.2 Coefficient {_(e,Re)

The head loss coefficient ( pertains to the abrupt change in flow direction at the well-
head outlet, its two arguments being relative roughness of the conduit material and
Reynolds number, here ranging 5x107° < € < 20x107° and 10* < Re < 10° respectively.
The functional dependence of (_ comprises three parts (Idel’chik 1960, pg. 215, table
6-11): generic constant, factor due to Re and factor due to e:

(L = ckreke. (15)

The quantitative dependence thereof as given in Idel’chik (1960) is as follows. The pa-
rameter kre is defined by

_ | 45f Re < 40000

Fre = { 1 Re>40000 ° (162)

where f refers to Darcy-Weisbach friction coefficient, for a fully turbulent regime obtained
by solution of Colebrook equation (Colebrook 1939)

1 5 2.51
W:—2loglo(ﬁ+w). (16b)

In (16a) the numeric factor 45 is interlocked with the cross-over Reynolds number 40000,
so that the curve kgo(Re) is a continuous function, but non-differentiable at the cross-over
point. A typical dependence is shown in figure 2. It is desired to preserve the aforesaid
functional dependence whilst converting all fixed empiric constants into variables open
to optimization. Therefore definition (16a) is generalized as

/
kRe: Q[fx Re<Rex y (173‘)

A Re > Re,

wherein 20 supplants unity in (16a) and fx maintains continuity of kge through the
solution to Colebrook equation with Rey:

1 c 951
i 2log | =2 ) - 17b
N/ (3.7 Rexv/Tx ) (17b)

For the geometry at hand Rey is expected to be lower than in (16a) due to turbulence
engendered by the projecting tube before the bend in flow within the elbow, begetting
an earlier cross-over. Furthermore, with the introduction of 2 in (17a) the multiplicative
constant ¢ in (15) is to be set to equal unity without loss of generality.
The most general functional form of k. is given by
1 Re < Rex
ke = {1+A55 Re > Rex (18)
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In Idel’chik (1960) the nominal value of A, corresponding to Rex = 40000, is A. = 500,
however here A, is a degree of freedom.

In light of the generalizations above four parameters are to be determined before
the computation of resistance coefficient C' in (14) can be effected: ¢,, 2, Reyx, A.. This
quadruple is obtained infra by minimization of a cost function based on a set of inde-
pendent measurements.

4. Optimization

The optimization centres on fitting the four variables spanning the parameter space of
C with the purpose to show that given a set of trustworthy flow rate measurements,
calibration of C' can be effected with the stated functional forms for ¢, and (_. Mathe-
matically, taking a set of measured flow rates {gn} and corresponding estimates {q} as

computed by (13), find a set of parameters {Cp, A, Rex,AE} such that the norm ||¢ - qm||»

is minimal, n designating the norm’s exponent (solved here for n = 1 and n = 2 with
qualitatively similar results):

min [lg = gl (19a)

2 2 aw — FMr
st g= \/\;g \/p ppL = glout , (19b)

f
C(Cp M Rex, Acie, B) = G+ C—26% (=1 Ty ResRec g,

A(1 + 255) Re > Rex

(2, Rey, Az > 0.

This problem is unusual from several aspects, the combination thereof compounding the
complexity of what at first glance might appear an easily amenable task. First, one of
the optimization variables, the cross-over Reynolds number Rey, is interlocked with the
estimate ¢ by a doubly implicit relation: the computation of each estimate point in the
set ¢ requires the hydraulic resistance coefficient C' that depends on the flow Reynolds
number Re, which depends on ¢ by

Re = 24P (20)
mud

and furthermore the discontinuity point of C'is exactly Rey, meaning that for any tested
value of Rey it is unknown beforehand whether Re < Re, or Re > Rex. Second, C is a
function of four variables, the quadruple of optimization parameters, but also depending
on two parameters € and (5. The relative roughness ¢ can be deemed fixed, as the pipe
material is not expected to change during the optimization procedure. By contrast, the
diameter ratio 8, whilst fixed for a given geometric configuration, must perforce change
for wellheads of different typical flow rates. For a sound accuracy the pressure term
(paw - prL) / p in (19b) must significantly exceed the gravity term gloyt, thence for an
individual well the geometry might be adjusted depending on the gas production: for
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high flow rates § can be as high as moiety, whilst low flow rates might necessitate
B8 < %. This means that the four arguments of C' in (19c) all depend on (3. Thence
the minimum in (19a) attained upon solution is in fact S-dependent. In this light, an

additional, difficult to quantify constraint regards the possible solutions {Cp, 2, ReX,AE}:

it is undesirable to have the order of magnitude of these quantities vary significantly
with 3, albeit a smooth or even monotonic dependence is not expected due to possibly
qualitatively different turbulent flow regimes. Unreasonable variation, for instance over
several orders of magnitude, is an indicator the physical modelling is wanting. Third,
although (19) appears conceptually to be a classic curve fitting problem, it is not: the
flow rate ¢ depends explicitly on the pressure difference, but also on temperature T
through the density p. The viscosity p that affects Re also depends on temperature. In
reality the measurements {qy} are taken at different temperatures as well. Therefore
there is no curve in the classic sense: the available data correspond to disjoint points on
a multivariable surface ¢ with an explicit dependence on T through p, and an implicit
one through Re. One might argue that a carefully controlled experiment will permit to
maintain a fixed temperature, however since this model is to be used in reality, artificially
controlling the temperature will nullify the applicability of the results of this experiment:
then the optimization will only be valid for the particular sub-space conforming to the
chosen temperature out of the entire physical parameter space.

Problem (19) is at an obvious variance with studies dedicated to provision of consistent
experimental data and subsequent comprehensive modelling (e.g. Colebrook equation for
Darcy friction factor and Reader-Harris / Gallagher discharge coefficient for orifice flow
rate). Therefore the authors forbear to explore the physical parameter space and focus in
lieu on flow regimes characteristic to a landfill, whose field data are summarily accessible
(courtesy of GNH Consulting, British Columbia).

Problem (19) was solved by an adaptation of a golden ratio search algorithm to handle
the implicit nature, discontinuity and non-smoothness of the involved functions. The
search procedure was run on the following part of the parameter space

{gp,al,Rex,Aa}:oqpa, 0<A<1.5, 10°<Re, <10°, 100< A, <10%.  (21)

A series of local minima of (19a) were stored as the search progressed. None of these
were close to the bounds (21). As the bounds were set based on physically meaningful
quantities, it is unlikely the global minimum is situated outside (21). The constraint that
optimal values be of similar magnitude was exercised only upon completion of the entire
search. The existence of numerous local minima is discussed hereinafter.

Although some problems incorporating non-smooth functions are nonetheless amenable
to reformulations that permit application of gradient based algorithms, it is conjectured
that here this will be impossible due to the implicit nature of the constraints that further
compounds the inherent discontinuity.

4.1 Numerical constderations

The computation of flow rate ¢ in (13) is iterative: the hydraulic resistance coefficient
C' depends on Re, whilst Re depends on ¢ by equation (20). Therefore ¢ is estimated
by (13) with an initial guess for C, followed by determination of Re from (20), then
repeated recomputation of C, ¢ and Re until proper convergence!. The optimization was
implemented in GNU Octave (open source software), utilizing the function fminbnd. For

I This is identical to the procedure for an orifice, where Reader-Harris / Gallagher discharge coefficient is employed.
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each suggested quadruple (,, %, Rey, A. the hydraulic resistance coefficient C' must be
converged.

The product of non-differentiable ke, equation (17a), and discontinuous k., equation
(18), renders (_ a function discontinuous in Re, the selfsame variable that creates the
implicit dependence of C' on ¢. The discontinuity point is Rey, one of the degrees of
freedom in the optimization. This intricate inter-dependence poses certain numerical
complications, the most notable being dearth of convergence of C' if the Reynolds number
is close to the discontinuity point. Even when the likelihood to obtain in the course of the
iterative computation of C' the singular equality Re = Rex, minuscule as it might be, is
eliminated entirely by a negligible shift wheresoever necessary, Reynolds numbers falling
sufficiently close to Rex occasion toggling between the two branches of the discontinuous
function. When the computation of C' does not require evaluation of (| on both sides of
Rey, the convergence to precision of 1076 is obtained within 3-6 iterations, on par with
Reader-Harris / Gallagher discharge coefficient that converges to said precision in 2-5
iterations (Nec and Huculak 2015).

A further concomitant of the discontinuity of {_ is related to the optimization, but
will not affect the estimation of flow rate upon completion thereof. It was found that

the parameter space spanned by the quadruple {Cp,Ql,Rex,As} offered multiple local

minima to the cost function (19a), when the fit against a set of independent measure-
ments {qn} was performed. Interestingly, designating as a global optimum the quadru-

ple {va 2, ReX,AS} that gives minimal error, there exist several disparate quadruples
opt

{Cp,Ql,Rex,AE}l that correspond to local minima with negligibly higher error. This

means the field O(gperator will be at liberty to choose any one set of parameters with-
out introducing perceptible inaccuracy into the estimation of flow rate. This situation
is unlikely in the extreme with a continuously differentiable multi-dimensional surface
underlying the optimization and is the direct outcome of the discontinuity in (18) and
non-smoothness in (17a).

4.2 Results

Three flow regimes were considered: high flow rate engendered by an active well, medium
flow rate corresponding to moderate production and low flow rate conforming to a slowly
producing well. In all cases a set of reliable measurements {¢,, } was chosen so as to span
as uniformly as possible the concomitant interval of differential pressure. The optimiza-
tion was performed separately, verifying the combined results presented a physically
acceptable solution. Figures 3-5 depict the comparison between the measured flow rate

and estimate (13) with {Cp,Ql,ReX,AE}

opt

When a well is active, a typical constriction ratio is 8 » % with ensuing Reynolds
numbers ranging 10* < Re < 6x10%. The corresponding cross-over Reynolds number Rey is
relvatively low, whereby for most of the working range the hydraulic resistance coefficient
C' is constant, entailing a rapid convergence. When the Reynolds number is close to Rey,
it will behove the operator to adjust the wellhead to a smaller constriction ratio so as to
maintain a viable pressure difference. An example of this situation is shown in figure 3.

If gas production within the landfill cavity in the proximity of a well diminishes, the
constriction ratio will be reduced to § ~ }1 in order to sustain the same working range
of Reynolds numbers, this time Re, found in the upper part thereof, again enabling
effortless convergence in praxis. Figure 4 details this intermediate flow regime.

For slow production wells the suitable constriction ratio might be as low as § » %, with
a similar range of Reynolds numbers and Rey falling midmost (figure 5). This is the only

10
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regime, where toggling around the discontinuity point is likely to present difficulty. As a
rule, higher constriction ratios are preferable as long as the pressure difference is aptly
measurable. Therefore a configuration with such low 8 will be installed for Re < Rex and
changed in favour of a higher § if the cross-over point is approached.

The optimal quadruples (,, %, Rex, A. reported in figures 3-5 corresponded to the global
error minimum for each set of reference measurements. Whilst it is possible to choose
one of the quadruples conforming to local minima for any particular constriction ratio,
only the global optima entail a logical adjustment of flow regimes with the fluctuations
in gas production, when the entire spectrum of operation is considered.

5. Conclusion

The novel wellhead configuration presented targeted a long-standing problem of impaired
flow rate metering in landfill wells due to condensation of water vapour entrained in the
fluid upon the orifice plate and interference with the pressure sensor that must be placed
in an immediate proximity thereof. In the proposed setting the fluid proceeds from the
main well pipe into a concentric tube of a smaller diameter, permitting to withdraw the
orifice plate. The resulting flow rate was proved to be conceptually equivalent to the
orifice device by considerations of mass and momentum conservation. The sensitivity of
concomitant pressure measurement to installation geometry was shown to be minor, and
the associated error was evaluated asymptotically in constriction ratio 8, an inherent
small parameter of the system.

The hydraulic resistance coefficient was modelled by adopting the functional form of
empiric coefficients in related geometries and performing a custom optimization to attain
a fit against a set of independent measurements. The optimization involved a quadri-
dimensional discontinuous surface with an implcit dependence that required iterative
numerical solution. In field use the computational complexity was shown to be on par
with devices endowed with similar accuracy of flow rate estimation.
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Figure 3.: A typical example of flow regime for g = % Top: optimization output (diamond) and independently measured
(cross) flow rate. Reference points included multifarious values of density p, viscosity p and relative roughness €, rendering
interpolation unfeasible. Bottom: hydraulic resistance coefficient C' versus Re. Optimal parameters: ¢, = 0.66, 20 = 0.71,
Rex = 13000, A, = 7300. Diamond symbols on both panels correspond.
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Figure 4.: A typical example of flow regime for g = %4 Top: optimization output (diamond) and independently measured
(cross) flow rate. Reference points included multifarious values of density p, viscosity p and relative roughness €, rendering
interpolation unfeasible. Bottom: hydraulic resistance coefficient C' versus Re. Optimal parameters: ¢, = 0.72, 2 = 1.02,
Rex = 31800, A, = 1000. Diamond symbols on both panels correspond.
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Figure 5.: A typical example of flow regime for g

Reynolds number / 1000

£. Top: optimization output (diamond) and independently measured

(cross) flow rate. Reference points included multifarious values of density p, viscosity p and relative roughness €, rendering
interpolation unfeasible. Bottom: hydraulic resistance coefficient C' versus Re. Optimal parameters: ¢, = 1.06, 2 = 1.33,
Rex = 23000, A. = 800. Diamond symbols on both panels correspond.
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