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ABSTRACT

Hydrodynamic experiments on a liquid film are carried out using water in both straight and helical tubes at angles of
inclination ranging between 2.5° and 5° and on three different coil diameters (23.86 cm, 32.74 cm and 41.13 cm) for
film Reynolds numbers ranging from 100 to 2000. The film thickness is measured by two micrometers, arranged to
measure vertical and horizontal distances within the cross section of the tube. The results of film thickness are related to
the hydraulic radius to characterize the film flow in both types of tube. Momentum transfer rates are shown to be higher
in helical tubes than in the straight incline tube. An empirical correlation is presented for film thickness in the helical

tube in terms of Ny (coil tube)/Ny (straight tube) for film Dean number ranging from 1 to 1000.
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1. Introduction

The occurrence and applications of film flow in chemical
engineering processes are numerous; among them are
absorption, extraction, heat transfer, humidification and
distillation. The Wetted-wall column, a well know film
flow technique, is frequently used for the experimental
determination of mass transfer coefficients.

The presence of curves or bends is unavoidable in the
design of open channel [1] thus producing spiral current
and cross-waves in addition to the unique features of
super elevation produced by centrifugal force.

Throughout the last century research work was mainly
focused on film flow over flat surfaces or channels and
over vertical tubes. Since 1960, extensive literature has
been published dealing with wavy gas-liquid interfaces
and concentrating mainly on the conditions under which
waves exist and their effect on the processes of heat, ma-
ss and momentum transfer.

Hopf (cited in [2]) conducted experiments in a rectan-
gular channel of slope ranging from 0.5° to 3.5° and
noted the influence of turbulence between the critical
film Reynolds numbers (Re;, ¢i) ranging from 250 to 300.
He found that wall roughness has no effect on Re; i
except for the smallest depths. Nusselt (cited in [3]) gave
a theoretical treatment for smooth, laminar and two di-
mensional film flows and stated that:
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Jefferys [4] conducted experiments in channels at small
slopes for a large range of Re;. He confirmed the applica-
bility of Equation (3) for the laminar region while the ratio
of velocities decreases to 1.06 for the turbulent region.
Cooper and Willey [5] determined experimental data for
dilute sulfuric acid inside vertical tube and together with
other workers found that up to Re; equal to 350, the data
are in excellent agreement with Equation (3). While Kirk-
bride’s data [6] on film flowing outside a vertical tube de-
viated positively from the theoretical film thickness.

Fiend (cited in [2]) gave an experimental correlation
for film flow of water and aqueous solutions with coun-
ter-current air in vertical tubes in turbulent region (Re; >
400) as:

N, =0.369(3Re, )~ (6)

Brauer (cited in [2]) gave an empirical equation for
turbulent flow as:

NT — 31/3 Re/‘8/15 40071/5 (7)

while Fulford [2] related the falling film thickness by
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dimensional analysis for channel flow, of slopes between
7.5 - 9.0°, over the range 30 < Re; < 300, in the form:

N, =1.28(siny )™

Re/_0,331 (8)

The equations mentioned above can be applied for
quasi parallel-sided film i.e. for small film thickness flow
inside or outside vertical tubes. While in straight inclined
tubes and spiral tubes larger film thickness is expected
but they differ in effect of centrifugal force on film in s-
piral tubes.

Most of the recent published works on helical pipes
were mainly related to fully filled fluid flow in pipes and
hardly any work was found dealing with film flow.

The latest work is concerned with the pipe flow be-
longing to Yamamoto and co-workers [7-9]. They studi-
ed the laminar and turbulent flow through helical coils.
Their numerical and experimental data concluded a neg-
ligible effect of torsion on the flow within the range of
their experimental data.

Several other workers investigated the emergence of
turbulence region in flow through coiled pipes, both ex-
perimentally [8-11] and numerically [12,13]. The coil cu-
rvature seems to increase the value of the Reynolds num-
ber required to attain fully turbulence flow. Difficulties
were experienced in locating the transition region in the
fully filled flow in helical pipes.

Vashisth et al. [14] published an intensive review on
the performance of curved tubes for heat and mass trans-
fer for fully filled flow.

Gupta et al. [15] studied the effect of coil pitch and
coil diameter on the friction factor for five types of fully
filled coils with different radii variation developed for
Newtonian fluid. They formulated an empirical Equation
(9) based on their experimental data.

16 .
f=[R—ej(1+aNG@) ©)

where a & b are constants and Ng, is the Germano nu-
mber that is equal to Re multiplied by coil curvature.

(D, /d,)
[=(D./d,)] +(p/d,)’

They concluded that Equation (9) predicts the obser-
ved coil friction factor values to within £10%.

Film flow in curved tubes has not been given any at-
tention in recent literature. The present work studies the
thin film flow in curved tubes and extends its findings to
large film thickness. The investigation covers experimen-
tal and theoretical film flow in both straight inclined and
spiral tubes and how the two systems can be related. The
work also discusses the case of film flow over flat sur-
faces.

The Coil Curvature =
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2. Experimental Design

The apparatus used in this work is shown schematically
in Figure 1, the system consists mainly of a constant
head tank A, transparent flexible tube B, storage tank C
and centrifugal pump D to circulate the distilled water in
the system.

The testing part is made of flexible tube B having an
elliptic cross section with an inside minor axis of 1.510
cm and inside major axis of 1.888 cm and a thickness of
0.412 cm.

It is known from literature that films are practically
smooth for angles of inclination less than 5° over a wide
range of Re; and would have limited ripples at higher
range of Re;. For this purpose, angles of inclination be-
tween 2.5° - 5° were studied.

In straight inclined tube experiments, the flexible tube
is mounted on a flat steel plate. The far end of the tube a-
way from the entrance is supported on a horizontal stand.
It can be moved up or down to a suitable distance that
can be conveniently measured by a traveling microscope
in order to set the required include angle (2.5°, 3°,---5°).

The length of the developing region was estimated to
be about 20 film thickness [16].

Hence, the film thickness is measured at 50 cm dis-
tance away from the entrance of the tube to insure that all
measurements are made in the fully developed region.

A special micrometer, as shown in Figure 2, is used to
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Figure 1. Chematic diagram of the apparatus used in film
thickness measurement.

A — T shaped plate
B - Dial gauge

C —Bush

D — Screw

E — Nut

F — Needle

G - Protractor

Figure 2. Micrometers arrangement.
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measure the film thickness through holes in upper part of
the flexible tube B. It consists of two micrometers arran-
ged so that the vertical and horizontal distances of the cro-
ss sectional area of the flow can be measured. The whole
arrangement is supported by a vertical stand, which al-
lows the two micrometers to move to the required posi-
tion near the system.

In spiral tube experiments, the helical is made up by
wrapping the flexible tube B around the PVC tube I.
Three tubes | of different diameters are selected. The fle-
xible tube B is wrapped at the same angles of inclination
as mentioned above. The curvature of the tube has a ca-
Iming action, the developing region in curved tubes is
expected to be shorter than that in straight tubes.

3. Theory and Model

3.1. Film Flow in Inclined Circular Tube

The cross section of circular tube and a liquid film are
shown in Figure 3. It can be obtained from trigonometric

relations that:
[04
cos(zj
b (10)

=q————
cos(&—a]
2

The Navier-Stokes equation in cylindrical coordinates
for smooth, steady, laminar film flow can be reduced to
the following equation:

d’U, L1dU. _ gsiny

11
dr®  r dr ) (11

This differential equation can be solved by using the
following boundary conditions:

B.C.1:U,=0 atr=a

at all &
B.C.2:dU,/dr=0 atr=b

The solution below represents the known semi-para-
bolic relation in the r-direction.
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Figure 3. Liquid film in circular tube.
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The average velocity is obtained from the following
relationship:
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Submitting the expression of U. in Equation (13) and
carrying out the integration and then using the trigono-
metric identities would result in the following equation:

v, £ { (aima)(éﬂ
{515 a
Jeeo{ s (5 52 (5]

Since @ (a - sina )/2 represent the cross-sectional
area of the film, the volumetric flow rate can be given as:

o2 e (3)(5)e(3)
oo g5 - e (3]

By comparing Equation (2), which is for the average
velocity in the conventional two dimensional film flows
with the derived Equation (14) which is for the average
velocity in the inclined tube, it can be considered from
their identity that the film thickness in inclined tube is
defined by Equation (16):

a5 ()
el o5 3-S5

It is obvious that the film thickness is a function of
both radius and central angle of the flow. Hence, the av-
erage velocity can be expressed as:

(15)

(16)

U, =53V s 1)
4y

Further rearrangement of Equation (17) in terms of the
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dimensionless Nusselt film thickness and film Reynolds
number would results in:

N, =(4Re, )" (18)

As would be expected the flow in inclined circular
tubes (Equation (18)) predicts higher Nusselt film thick-
ness than in case of a flow over inclined flat plate (Equa-
tion (5)); since, the geometrical shape of the former of-
fers higher wetted perimeter (Hx/Hp < 1) than in the lat-
ter case (Hy/Hp = 1) for the same free (exposed) surface.

It is more convenient to manipulate the experimental
data for the flow in elliptic cross-section in terms of hy-
draulic radius rather than film thickness.

Applying the least squares fit to Equation (14) and the
definition of hydraulic radius (refer to Figure 4) gives.

U,, =&Y (2.002511%) (19)
4y

with a standard deviation of 4.578 x 1072 and 0.94% ave-
rage percentage error:

where 5 =1.4465H, (20)

3.2. The Film Friction Factor

As the gas phase is practically stationary in the system,
negligible drag force can be assumed at the free surface
of the film. Therefore, the film weight is supported by
the shear stress at the wall:

7, =dpgsiny (21)

By substituting the value of ¢ from Equation (17) and
using the definition of Re;, Equation (21) will be:

/
T, = ,0(4vzg2 sin’ (//)1 ’ Rer3 (22)

By defining the friction factor in the following form:

2

)
r,=f ,0% (23)

Figure 4. Hydraulic depth, hydraulic radius and film thick-
ness at Re; = 303, angle of inclination 3°.
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and using the expression for U,, from Equation (17), the
following equation is obtained:

. 2/3
f(%j(@) Re}® = p(4v°g” sin’ 1//)1/3 Re,”* (24)

Simplifying the above equation will give a correlation
relating the film friction factor and film Reynolds num-
ber:

f=5— (25)

This is similar to the equation for laminar flow in a
closed pipe. Equation (25) predicts a higher friction fac-
tor than would be predicted for liquid film falling on an
inclined flat plate. Here again, the difference is due to the
higher wetted perimeter for circular tubes than that of flat
plates for the same free surface which would result in a
higher drag force.

4. Results and Discussion
4.1. Inclined Tube

Figure 5 shows the variation of Nusselt film thickness
versus film Reynolds number. Results show that laminar
and turbulent regions fall within Re; ranging from 480 to
600. The transition region is reconfirmed at about the
same Re; in Figure 6 in which the film friction factor,
calculated from Equations (21) and (23), is plotted against
the film Reynolds number.

In the laminar region (Re; < 480) (see Figure 5), most
of the experimental points lie above the theoretical line
of Equation (18) with the maximum deviation falling
between +30% to —7%. The least-squares fit of the ex-
perimental data gives the empirical equation:

N, =1.153(4Re, ) (26)
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Figure 5. Inclined tube Nusselt number versus Reynolds nu-
mber.
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Figure 6. Film friction factor versus Reynolds number (in-
clined tube).

with standard deviation = 0.158 and average % error =
10.33.

While for the turbulent region (Re, > 600), the fol-
lowing empirical equation is obtained:

N, =0.872Re " (27)

with standard deviation = 6.43 x 107 and average % er-
ror = 0.503.

Considering the whole experimental range of the film
Reynolds number the following empirical equation is
obtained:

N, =1.225Re *"*? (28)

with standard deviation = 0.164 and average % error =
9.64.

The three above empirical equations, are shown in Fi-
gure 7 together with Nusselt, Fiend and Brauer equations
for film flow over flat surfaces. For film flow in inclined
circular tubes a higher Nusselt film thickness for both the
laminar and turbulent regions is predicted.

Ripple inception is observed to occur at Re; ranging
from 260 to 300 within all range of the angles of inclina-
tions used in the experimental runs. Thomas, et al. [17]
observed a ripple inception at lower range of Re; i.e.
between 80 - 130 for the central region of the film in a
wide channel. This difference in behavior may be due to
the relatively narrow tube used in this study, where sur-
face tension would have greater influence on the flow.

4.2. Helical Tube

A flexible transparent plastic tube is wrapped around a
plastic cylinder at a predetermined angle of inclination,
as in Figure 1. During the experimental runs, it was ob-
served that the instability in film behavior increases with
film flow rate and helix curvature.

As the flow rate is reduced, small cross waves were
observed moving from the inner to the outer walls of the
tube. These cross-waves disappear at lower flow rates

Copyright © 2012 SciRes.

and are replaced by small random ripples. At this stage
four to five readings were recorded for film thickness.

First and second order polynomials were used to rep-
resent surface profile of the film and to extrapolate the
surface shape near the inner and outer walls of the tube.

Most of the results suggested that first order polyno-
mial correlation applied especially at low surface gra-
dient. A typical representation of experimental runs is
shown in Figure 8, which shows the unaxisymmetrical
behavior of the film in helical tubes.

For each run the hydraulic radius, hydraulic depth and
cross-sectional area of the flow are calculated. When the
surface of the film was inclined, the surface length and
the cross-sectional area of the flow were calculated using
the analytic integration method for the surface equation.

In Figures 9 and 10, Nusselt film thickness is plotted
against film Reynolds number. The transition region is
not so distinguished as an inclined tube. In the helical
tube gradual change of flow behavior confuses the limits
of the transition region. This behavior is similar to its-
counter part of a full pipe flow.

100r
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5 NUSSELT, EQ.(5)
6 FIEND, EQ.(6)

7 BRAUER, EQ.(7)
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Figure 7. Comparison of present relation of film flow in in-
clined tube with that of inclined flat plate.

Figure 8. Film surface profile in elliptic cross sectional tube
(polynomial approximation).
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Figure 9. Helical tube Nusselt number versus Reynolds nu-

mber (pitch effect at constant curvature).
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Figure 10. Helical tube Nusselt number versus Reynolds nu-
mber (Curvature effect at constant pitch of 300 angle).

In the laminar region, the effect of pitch (angle of in-
clination) is clearly evident (see Figure 9) at certain film
Reynolds humber.

For turbulent flow, the action of coil diameter (curva-
ture) and the action of centrifugal force would mostly
reduce by inertia force and by the development of eddies.
The effect of higher curvature can be observed while the
pitch effect is overlapped by other effects.

In Figures 11 and 12, the Nusselt film thickness is
plotted against the Dean number (De;) which combines
the effects of both curvature and film Reynolds number.
The figures reveal that the spread in the experimental
results is reduced as compared to Figures 9 and 10.

In order to relate Nusselt film thickness for coiled tu-
bes to that of straight tubes, Figures 13 and 14 are plot-
ted in terms Of Ni( . /Nrguse Versus film Dean
number. Equation (28) is applied to calculate Ny ). It
can be observed that most of the experimental points lie
between value of Ny )/ Nrouny OF 1 - 2. This ratio
tends to decrease gradually with the increase of De; at
certain coil diameter.

By the least squares fit, the following empirical corre-
lation is obtained:

N, a 0.55
e ~11.0De, (Ej (29)

T (st.tube)

with Standard Deviation = 0.106 and average % error =
9.56.
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Figure 11. Helical tube Nusselt number versus Dean num-
ber (curvature effect at constant pitch of 3.00 angle).
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Figure 12. Helical tube Nusselt number versus Dean num-
ber (curvature effect at constant pitch of 4.00 angle).
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Figure 14. Ratio of Nusselt number of helical tube over Nu-
sselt number (curvature effect at constant pitch of 4.00).

ACES



80 M.S.HAMEED ET AL.

5. Conclusions

1) Systems that have their film thickness vary periphe-
rally can be characterized by some average film thick-
ness. This is a function of hydraulic radius defined by the
film boundary.

2) In helical tubes, the film thickness increases with
the increased curvature accompanied by a reduction in
average velocity. Within the range of the obtained data,
coiling effect may account for the maximum increase in
film thickness of 70% over that of the inclined tube. But,
this increase diminishes gradually in the turbulent region,
where the secondary flow intensity is small relative to
axial flow intensity.

3) Pitch within two to three tube diameters in length
has no appreciable effect on film thickness at low tube
curvature.

4) The transition region in a straight inclined tube is
marked between Re; = 480 - 600, which is higher than
the reported range for vertical tubes (Re; = 350 - 500). In
helical tubes, the transition region is not so distinct
(within experimental data) as it is in inclined tube

5) Results are correlated empirically for the cases of
straight inclined and helical tubes. The former is expre-
ssed in terms of N7 as function of Re; in the laminar and
turbulent regions. While for the latter the empirical cor-
relation is represented in terms of the ratio of Ny to coil
over Ny for straight inclined tubes as function of De,.
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Nonmenclatures

a
b
De;
f

g
H

Hp

Hp
o

Nr
r

R

€ o

Tube radius (cm)

Defined in Figure 3 and Equation (10)

Dean number based on film thickness Re; (a/R)"?
Film friction factor

Acceleration of gravity (cm/s?)

Maximum film thickness (cm) as shown in Figure 4.

Hydraulic depth defined as a film cross sectional area to its free surface width (cm).

Hydraulic radius defined as film cross sectional area to its wetted perimeter (cm).
Volumetric flow rate (cm®/s)

Nusselt dimensionless film thickness parameter (&g sin y/v?)"?)
Radial direction

Coil radius (cm)

Reynolds number of film (U,, d/v)

Average velocity (cm/s).

Surface velocity (cm/s)

Velocity in z direction (cm/s)

Central angle of the flow (as in Figure 3).

Film thickness (cm).

Kinematics viscosity (cm?/s)

Liquid density (gm/cm?).

Sheer stress (kg m/s?)

Inclination angle
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