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Abstract
A simple analysis has been carried out for determining criteria for filling

inclined pipes carrying liquids. The analysis resulted in criteria which are weakly
dependent on Reynolds number and hence Houid properties. Experimental study
on upward facing inclined pipes, carrving Newtonian and non-Newtonian liguids,
has been done. Agueous solutions of carboxy methyl celiuiose in water were used
as the non-Mawtonian liguids. A plexi-giass open end test section was used for
visualization of the liquid free surface at exit. Comparison between theoretical and
both present and early experimental resuifs was made. The comparison shows that
ihe theoretical criteria predict safely the critical Froude number for filling inclined
pipes. i has been concluded that for both horizontal and upward facing pipes the
design value of Froude number is safely taken as Fr=0.725. On the other hand,
for downward facing inclined pipes, the safe design vaiue is Fr=0.92.

introduction
Calculations of liquid flows through pipes have been derived based on

single phase (.e liquid) flow only. When the pipe runs partially filled, two phase
(liguid and gas) flow may occur and the single phase-conventional-calculations can
be significanily in error. As the flow rate - of a liquid - through an open ended pipe
is gradually reduced, at some point, the pipe ceases to remain filled and a free
surface is formed within the pipe. This surface moves closer to the pipe enirance,
as the flow rate is reduced, until finally the pipe runs partially filled. This problem
is met in many engineering applications such as freely discharging pipes and
Interconnected ianks.

Review of previous work has shown that most of the eatly studies have
been concerned with either two phase flow [e.g. 1-8] or full-pipe Newtonian and
non-Newionian flow systems [e.g. 9]. Thus, the counter current air-water flow was
studied by many authors [e.g. 1,2]-while others [e.g. 3,4] were concerned with the
floading phenomenon. Also, many publications [e.g. 5,61 were concerned with
flows including air-water inferface. Other studies [e.g. 78] dealt with the
characteristics of mixing layers. Siudies on full pipe Newtonian and non-Newtonian
fluid fiow are neomerous [e.g. 8] while the characterisiics of open channel fiow are
widely presented [e.g.10].

Siudies on criteria for fllling of pipes seem 1o be litile. However, the
available previous work-which was concerned with determining criteria for filling
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of Newtonian liquid carrving pipes - was reported by Krishnakumar et al. [11].
They carried out an experimental work and developed empirical criteria in terms
of the flow Reynolds and Froude numbers for a horizontal and a vertical
submerged end pipes. Similar studies for non-Newtonian liquids seem not to be
available. Therefore, the present work aims at determining criteria for establishing
full pipe flow of Newionian and non-Newtonian liguids in inclined pipes.

Analysis

Figure {1.a} shows a schematic sketch of an upward facing inclined pipe
at critical conditions. When the pipe begins to run partially full, the liquid free
surface begins moving in the upstream direction. According to the prevailing
conditions, it begins at a distance Xc upstream the open end. The corresponding
critical velocity is Ve and the free surface falls a distance ein the normal symmetry
planie at exit section. Figure (1.b) shows an experimental photograph for a near
exit partial filling condition. Neglecting the surface tension effects, assuming sieady
flow and applying the integral continuity and energy equations between sections -

1 and 2 gives {10}

comingity eq. Al Vo = A2 V2 (1)
energy eq. :
V2 Vi x V2
Deos § + — -»(D-—e)oosa+)(csene+——-+}.———— @)
29 29 D2g
Using eq. {1) to substitute for V, into eq. (2}, dividing by D, eq. (2} gives:
Ze cos @ - 2% sin 6
Fr, = c = __n @)
ARZ -1 + A X,

where Fr_ is the critical Froude number, Fr, = V_ / VoD corresponding to an’
unwetted distance X, = X, /D , 4 is Darcy's friction coefficientand € = ¢ / D.
AR is the wetled area ratio between the full and partially filled sections 1 and 2
respectively. From the geometry of exit section, see ﬁgure {1.a), AR is given by:

AR = /(- tan” (a/B)+ o B) ; € <05 (4)
, AR = r/ttan” a/B+ aB) ; T >05 (5)
and AR =2for € =035
where 5 = Je - e2 (B.a)
B =1-2%¢ for € < 05 6.b)
and R =27%¢ - for € > 05 6.c)

The free surface drop ¢ is assumed to increase exponentially with Sfc.
Also, two conditions are to be satisfied: the first is that ¢ = 0@s X; = Oand the
second is thal € = { gs X, = w . These requirements are fulfilled by assuming :

T-0-e™ @)



This function, aiso, gives a convex free surface which is similar to that shown in
Fig.(1.b}.

Similar steps with facing downward pipes will lead to similar equations with €
having & negative sign.

Theoretical resulis and discussion

The above simple analysis resulied in a general equation for determining
criteria for partial filling of inclined pipes carrying Newtonian or non-Newtonian
liquids. inspeciion of egs.(2) and (3) shows that the critical Froude number
depends an the energy changes between the full and partially filled sections. Thus,
the numerator of eq. (3) represenis the change in potential energy while the
denominator includes the increment in kinetic energy pius friction energy loss. In
otier words, eq. (3} shows that the critical Froude number Fr_ depends on the pipe
inclination "8", the friction coefficient *A" and the unwetted distance X, . The effects

of these parameiers are discussed below.

{i) Effect of friction coefficient "A"
In order to investigate the effects of friction coefficient, the conditions

corresponding to §c = 0.5 will be considered as critical conditions. Thus, Fr, is
obtained from egs. {3} through (7) as:

Fr - \l 0.787 cos 6 -~ sin 0 ®)
149 + 0.8 A
It is known that A deprends on Reynoids number "Re” for laminar flow while
it depends on both "Re" and pipe roughness for the turbulent regime.
The effects of "Re" may be examined by considering the smooth pipe
case. shes case, the following full pipe A-Re refationships are considered {8] :
= 64 / Re ; Re < 2000 (9.9)
and ;& = 0.312 (Re)*® : Re > 2000 ©.b)
"Re’ s a general Reynolds number , for both Newtonian and non-
Newtonian power law fluids given by:
pD IV

Re =
Snui(sn + 1);1 K (10)
4an

where K is the consistency index while n is the flow behavior index for a power
iaw fluld.

Equations (8) through (10} are used for predicting Fr_ and typlcai resulis
are shown F:g {2). The figure shows the resulis for honzonta! (8= 0%, upward
inclined (8 = 20°) and downward inclined (8 = -20°) pipes. It is seen, generally,
that Fr, is weakly dependent on Re for Re > 1000. Thus, for larminar flow Fr,
decreases as Re decreases while it approaches a constant value for turbulent flow.

The effect of pipe roughness is to increase the friction coefiiclent as it
increases, This means that Fr decreases as roughness increases as can be
depicted from eq.{g).

The above discussion suggests that the value of Fr_, obtained by setiing
A = 0, may be taken as a safe design criterion. This is because higher values of



Frc - and hence Ve-wilt be obtained.

(i) Efiect of inclination angle ¢

As depicted from eq.(3) the potential energy change is affected by the
inclination angle & . Equations (8) through (10} are used for predictions at Re =
20000 and the results are shown in Fig.(3). The effect of inclination is discussed

as follows:

{A) Upward facing inclined pipes:

Equation (8) and Fig.(3) show that for upward facing inclined pipes, Fr,
for any inclination angle is always lower than that corresponding to  horizontal
pipe (8 = 0 ). Also, eq.(8) shows that there is a limiting value of the upward
inclination angle, namely 6 ~ ~ 38°, at which Fr, = 0. This condition means that the
pipe runs fuil :rrespectwe of the flow velocity. On the other hand, for higher
inclinations - L.e. @ > 38° - eq.(8) is no more valid. This, in turn, means that eq.(2)
- for free surface flow - is no more applicable and only ull pipe energy balance
that should be applied. Therefore, for higher inclinations - @ > 38° - the pipe
runs full at  any flow velocity. Thus, the criticat value Fr, = 0.725 -
corresponding to 3?0 = (0.5 for the horizontal pipe with A = 0 may be safely taken

as a design value for the upward facing inclined pipes.

{B) Downward Facing inclined pipes

Equation (8) and Fig. (3} show thai for downward facing inclined pipes, Fr,
at any angle is always higher than thatat 8 = 0° (horlzontat pipe).

Also, Fr, has a maximum value at 8 ~ - 60°. Therefore the value of Fr

corresponding to X = 0.5, 0= -60° and A = 0 - namely Fr, = 0.92 - may be
taken as a design value for these pipes.

{iif) Effect of upstream disiance X,

Equation (3) shows that the changes in both the potential energy - i.e. the
numerator in eq.(3) - and the kinetic energy , i.e. the denorinator in eq.(3), are
affected by 'ﬁc. Figure {4} shows that , generally, as ')'fc increases Fr, decreases.
This is physically expected since lower velocities result in longer unwetted lengths.
Also, the figure shows a steep decrease in Fr, at X, > 0.5, This is mainly due to
the steep increase in the kinetic energy term - i.e. the denominator - in eq.(3). It
is also seen that for upward facing pipes Fr, decreases faster than in the case of
horizontal of downward facing pipes. This is attributed to the additional decrease
in the potential energy term - i.e. the numerator in eq.(3) - as 350 exceeds the

value of 0.5.

Experimental Work

A constant overhead circuif, shown in Fig.(5), was used in the
expetimental tests. It consists of a main tank, an over flow tank, the main flow pipe
and a circulating pump. Control valves were used to control the flow rate and
hence the flow velocity. Flow rates were measured using a collecting tank. The test



section, shown in Fig.(5), was established at the end of the main pipe. ltisa 5 cm
dia. plexi-glass pipe of 15 cm length. The upstream end of the main pipe was
connected to a rubber tube so that it can be tited up with respect io the
horizontal plane at the required inclination.

Water was used as the working Newtonian fluld while carboxymethyl
cellulose (CMC) solutions in water, at different concentrations, were used as the
non-Newtontan fluids, A capillary tube viscometer was used for determining the
rheological parameters of the fluids. The shear stress shear rate data could be
fitted o a power law formula. Under one dimensional laminar flow conditions, this

formula reduces to:

( )" (1)

where "¢"is the shear stress and _%‘:'._. is the shear rate.

The parameters K and n are presenied in table (1) below for the tested fiuids.

TABLE (1) Powerdaw parameters for the tested CMC solutions

CMC concentration {p.p.my) O(water) | 5000 10000 | 2000
Flow behavior index "n" i 0.94 0.85 0.75 "
Consisiency index "K", Pa.s" 0.001 0.005 | 001 | 0.1

The experiments were almed at determining the critical velocity "V." which
keeps the liquid free surface at a distance X upsiream the test pipe end when the
pipe inclination is @ [see Fig. (1)].

Under the test conditions, the control valve is opened gradually to increase
the flow rate until the free surface achieves a distance X, upstream from the open
end under steady state condition. Then the flow rate is measurecl This procedure
is repeated for different pipe inclinations and different CMC concentrations.
Measurements were restricted to upward facing inclinations because of the limited
constant level deriving head. This head did not allow the high velocities required
for downward facing inclinations.

Figures (6) through (8) show typical variations of the critical velocity V.
and hence Fr, under the effects of varying 8, X, and CMC concentration "C".

Figures {6} through {8} show that, as physically expected, V, decreases
with increase of both 0 and X . These trends were theoretically predicted as
previously shown in Figs.(3) and (4). On the otherhand, Fig.(9) shows that V_
decreases as C increases. This may be discussed as follows. It is known that [9]
as the flow behavior index n decreases, the velocity profite-normalized by average
velocity - becomes more flat. This means that, for the same average velocity, the
near wall layer velocity increases as n decreases. Therefore, the near wall layer
separates at a fower average velocity for lower values of "n", i.e., for higher CMC

concentrations.

Comparison Between Theoretical and Experimential Results
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The present experimental results for facing upward inclined pipes carrying
Newtonian and non-Newtonian liguid in addition to early resufts [11], for horizontal
and vertical submerged end pipes carrying Newtonia liquid, are compared with
theoretical results. The non-Newtonian parameters, presented in table (1}, were
used for caiculaiing the generalized Reynolds number - Eq. (10} - for these fluids.
The dimensionless experimertal results, for X, = 0.5 are compared with the
theoretical ones and presented in Figs.(10) through (12). The comparison shows
that the derived simple-criteria determining-equation (8) safely predicts the critical
Froud numbers, and hence the critical velocities, which are seen to be always
higher than the experimental values. This may be aftributed to the neglection of
surface tension and roughness effects in the analysis. These effects, as physically
expected, tend to delay free surface formation and hence decrease the critical
velocities. it can be saen, from Fig. (10), that the disadvantage of discontinuity for
the early cbtained empirical criteria {11] does not exist for the present derived
critetia. It is worthnoting that, as Fig.{(12) shows, only two points among thirteen
data points were under estimated by eq. (8). However, it was mentioned by ref.
[11] that thess two points were obtained for high viscosity liquids. The deviation
between theoretical and experimental results for these points may be attributed io
the approximations used in the theoretical analysis. The experimental measuring
errors may aleo add to the apparent remarkable deviation. Also, the error in
measuring the unwetted length §c may result in a significant error in the value of
Fr,. For example, Fig. (12) shows predictions using eq. (3) for S{-c = 0.2 and 0.08
which compare well with the two prementioned points.

Conglusions

i A simple analysis, for determining criteria for filling of open end pipes
carrying liquids has been presented. The analysis resulied in a simple
general criterla determining equation. Comparison with experimenial
resuls, for half pipe diameter unwetted length criterion, showed that the
theorsiically predicted Froude nuinbers are safely higher than those
obtained experimentally. The comparison included both New{onian and
norn-Newtonian liquids.

i The derived simple equation may be used for any liquid of known friction
factor correlations.

Hl. The results, for half pipe diameter unwetted length criterion showed that:
(1) for both horizontal and upward inclined pipes the safe design

value of Froude number is about 0.725.

{2) For downward facing inclined pipes the safe design value is about

0.92.
Nomengclature
C CMC polymer concentration, p.p.m.;
D Fipe diameter, m;
Fre Froude number at critical condaitions. V VaD:
g Gravitational acceleration, m/s”,
K Consistency index, P,. 8",



Flow behavior index;

n
Ve DY

Re generalized Heynolds number, 8"”1(1 - 3“)“K ;

4n

)59, unwetted upstream pipe fength, m;

%o dimensionless value of X (X, = X, / D),

v, critical flow velocity, m/s,

6 pipe inclination an%e degrees;

o fluid density, kg/m";

A Darcy's friction cosfficient = 8 ¢ /pv
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(i YExit section (it ) Conditions at pipeend

Fig. (1a) Parameters at pipe end under critical conditions.

Fig. (1b) The near exit partial Filling
(Xc=1.5)
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