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ABSTRACT

Experimental studies of flow pattern and pressure drop for air-water
and R113 liquid/vapor flow in helical and spiral coils were conducted. Five
test sections, namely, helical coils having a circular cross-section and three
rectangular cross-sections of different aspect ratios, along with a circular
cross—-section spiral tube, were utilized in the study.

Five sets of the flow pattern test data -- helical coil vertical up-
flows for both air-water and R-113 in a circular cross-section tube, R-113
in a near-square cross-section tube, and spiral horizontal outward flow of
both air-water and R-113 in a circular cross-section tube -- are analyzed
and compared with a modified Baker map, the Taitel & Dukler map, the
Choe, Weinberg, & Weisman map, and the Uddin map. None of the maps are
able to adequately predict both the helical and spiral coil test data. An
empirical correlation of the slug-annular transition was developed for both
helical vertical-up flow and spiral horizontal outward flow which gives good
agreement with the test data.

Three sets of the pressure drop test data —— helical coil vertical up-
flows for both air-water and R-113 in a circular cross-section tube, and
R-113 in a near-square cross-section tube -- are analyzed and compared
with homogenous and Lockhart-Martinelli models. All of them predict
pressure drops only approximately in the slug and developing-annular flow
regions. Empirical correlations were developed to calculate the critical
Reynolds number and friction factors for R-113 helical coil vertical up-flow

in both circular and near-square cross-section tubes.
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CHAPTER 1 INTRODUCTION

1.1 Introduction

A coiled tube with a constant radius of the coil is called a helically
coiled tube (or helical coil) A spiral coil is a tube coiled into a plane with

gradually increasing radius of the coil (see Figure 1.1).

=

é; B

\

— \—'

{A) HELIX (8) PIAL

Figure 1.1 Coil Type

Helical and spiral coiled tube heat exchangers are widely used in the
petrochemical, biomedical, pharmaceutical, power generation, refrigeration
and aero-space industries. They have two main advantages over straight
tubes: 1) heat transfer coefficients in coils are higher than in straight
tubes, 2) coils allow a significantly greater heat transfer area to be

packed into a given space than do straight tubes. Also, the flow-induced




centrifugal forces make possible the successful use of heat exchangers
under zero-gravity conditions, i.e. in space applications. It has been
shown that the added artificial body force substantially improves two-phase
heat transfer rates [34]). In recent years, considerable interest has been
generated in the design of helical (or spiral) heat exchangers which can
provided uninterrupted and uniform performance under adverse gravity
loading [17].

The optimum design of helical and spiral coiled heat exchangers for
two-phase systems requires an analytical description of the heat, mass and
momentum transfer characteristics associated with the flowing two-phase
mixture in the coils. Since the transfer characteristics depend strongly
upon the spatial configuration formed by the two phases (generally known
as flow pattern or flow regime), the fundamental problems become (1)
determining the possible flow patterns and (2) being able to predict which
flow patterns will exist for a given set of conditions. Additionally, being
able to predict the pressure drop along such coiled two-phase systems is
of equal importance for design purposes.

A particular characteristic which makes the flow in a coil or a
curved tube quite different from that in a straight tube, is that there is
a variation of centrifugal force acting on the fluid across the tube, which
produces a pressure gradient in the tube cross section [39]. This
pressure gradient yields a so-called secondary flow -- a pair of
symmetrical recirculation patterns superimposed on the main flow. A
schematic diagram of the secondary flow in a helically coiled tube for

single phase flow is given in Figure 1.2.



AXIS OF HELIX ~/I]

SECONDARY FLOW PATTERN

Figure 1.2 Schematic diagram of the secondary flow in a helically
coiled tube for single phase flow

Because of the complicated spatial distribution of two-phase flow, an
attempt to schematically depict the secondary flow for two-phase flow in
a coil is extremely difficult. No such accurate visualization or
characterization have yet been seen in the literature. This makes the
theoretical analysis of two-phase flow dynamics in coiled tubes very
difficult.

Another factor which makes the study of two-phase flow in helical
or spiral coils complicated is that their geometrical orientations and flow
directions make a great difference in flow dynamics. The following diagram
(Figure 1.3) summarizes the applicable combinations of flow directions and
geometrical orientations for helical and spiral coils. For a helical coil, its
orientation is described with respect to the orientation of its axis. For

example, vertical flow in a helical coil indicates that the axis of the helix

3
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Figure 1.3 Combinations of flow directions and geometrical

orientations for helical and spiral coils



is oriented vertically. Similarly, for horizontal flow, the axis is oriented
horizontally (see Figure 1.3 (a),(b),(c)). However, the orientational
characterization of a spiral coil is described in terms of the plane of the
spiral, so that horizontal flow for a spiral coil means that the coil lies in
a horizontal plane. In helical upward flow the fluids flow into the coil

from the bottom and out from the top, whereas in helical downward flow

the fluids flow into the coil from the top and exit from the bottom.
Inward flow for a spiral coil means that the fluid flows in at the largest
outer coil diameter and exits out of the smallest inner coil turn in the

center [41]. And, outward flow indicates the opposite flow direction (see

Figure 1.3 (d),(e),(f),(g)).

1.2 Literature Review

Up to now, many papers have reported the characteristics of single
phase flow and pressure drop in helical or spiral coils, but the work done
in studying the properties of two-phase flow dynamics and pressure drop

in coiled systems is very limited.

1.2.1 Single Phase Flow in Coils

Understanding the effects of centrifugal forces and secondary flow
on the flow dynamics and pressure drop in single phase flow can aid in

understanding the same matters in two-phase flow. Therefore, some



discussion of past studies of single phase flow in coils is beneficial at this

point.

Analysis of Flow Field

As early as 1927, Dean [22] first made a theoretical study of fully
developed laminar single phase flow in a curved pipe. Using a perturba-
tion method he tried to find the deviation of a velocity profile from the
Poiseuille flow pattern by solving the Navier-Stokes equations. He pointed
out that a secondary flow is set up (see Figure 1.2) due to centrifugal
forces. Considerations of dynamic similarity resulted in a parameter K =
Re(r/R)”z, which is now called the Dean number, and is denoted by De.
However, his solution is applicable only in quite small Dean number regions
(De < 36), and his formula for the resistance coefficient is not useful
enough for practical use. His assumption of a parabolic velocity
distribution was shown to be incorrect according to the experimental
results by Williams [62], Ito [28] and others in ranges of practical
importance. Their results showed that the greatest axial velocity occurs
near the outside wall of the tube. Figure 1.4 [28] shows the distortion of
the velocity distribution in single phase flow by the secondary flow effect.

Using the boundary layer assumptions, Barua [7] and Ito ([28]
theoretically analyzed laminar and turbulent flow in coils, and obtained
relatively good agreement with experimental results. In 1965 and 1967,
Mori and Nakayama [38,39] reported a complete theoretical analysis of the
flow field for fully developed laminar and turbulent single phase flow in

curved pipes and removed the incompleteness in Barua and Ito’s analyses.
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Figure 1.4 (a) Axial-velocity profile in a curved pipe
(b) Diagram showing lines of constant axial velocity

In Mori and Nakayama'’s analysis, the stress caused by the secondary
flow is considered in addition to the viscous stress, and the flow field is
divided into two regions -- a core region and a thin boundary layer region
along the wall. The core region is the center region over the entire tube
cross section except for the thin layer adjacent to the tube wall, where
stresses caused by the secondary flow predominate, and viscous stress is
ignored. The boundary layer region is the very thin layer close to the
tube wall where both viscous stress and the stresses associated with the
secondary flow can not be ignored. Using an approach analogous to that
which results in the Reynolds stress in turbulent flow analyses, they
introduced a relation between the velocities of secondary flow and the

stresses caused by the secondary flow. Thus, through a force balance,




and applying other basic laws such as the conservation of mass, they
obtained the velocity distributions in curved tubes. The velocity
components in the core region for both laminar and turbulent flows are

expressed as follows:

u, = D"cos¥ (1.1a)
v, = -D*sing¥ (1.1b)
w; = A+ (C/D*)(n/r)cos (l.1c)

where the suffix 1 denotes the values in the core region, A is a constant,
and C is a dimensionless pressure gradient introduced by them (which is
constant when the flow is steady). These three core velocity distribution
equations actually express the secondary flow in the core region by a
uniform flow D* toward the outer side of channel (see Figure 1.5). The
dimensionless velocity of the uniform secondary flow in the core region is
denoted by D*, and the dimensionless thickness of the boundary layer is
denoted by 8. Since the variation of § with peripheral angle is found to
be negligible, § is replaced by its peripheral mean value 6. D* and 6, are

obtained as follows:

) 0.9656 Del/? (laminar flow) (1.2)
s { 0.0852 Re*/® (r/R)}/1® (turbulent flow) (1.3)
4.6311 De1/2 (laminar flow) (1.4)

% = {0.2566 [Re (r/R)?]"M5  (turbulent flow) (1.5)

It should be noted that in the laminar region D* and §, are functions
of only one parameter, De (=Re(r/R)'’?); but in the turbulent region they
are functions of both the Reynolds number and the curvature ratio, r/R.

The velocity profiles and the two regions are depicted in Figure 1.5.




Figure 1.5 Velocity distributions and two flow regions in cross section
for single phase flow in a curved pipe

Their analytical flow resistance formulae of f_/f, for fully developed
laminar flow and for turbulent flow gave good agreement with both their
experimental results and other previously successful empirical correlations
{(such as Ito’s) which gives strong support to their theoretical analyses.
Their successful analyses have proven that the additive flow resistance in
a curved pipe is caused by stresses due to secondary flow. They further
have shown that in the De range of practical interest (De > 36), the flow
pattern of the secondary flow in the tube cross section is divided into two

regions (see Figure 1.6) and differs from the homogeneous region (also




see Figure 1.6). The homogeneous region was introduced by Dean [22] for
small values of De (< 36), but this is outside the range of practical

interest.

(a) (b)

Figure 1.6 (a) Flow pattern of secondary flow for large De, by Mori [38]
{b) Flow pattern of secondary flow for small De, by Dean [22]

In the case of large De values, as shown in Figure 1.6(a), the
secondary flow actually flows uniformly toward the outside wall in most
parts of the cross section, except for a thin layer near the wall which

flows back within‘ the thin layer close to the tube wall.

Critical Reynolds Number

For turbulence to develop in a fluid flowing through a straight tube

the inertia forces need to overcome the opposing viscous forces. For
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turbulence to develop in a fluid flowing through a coil the inertia forces
need to overcome both the opposing centrifugal forces and the viscous
forces. In another words, the secondary flow caused by the centrifugal
forces has a stabilizing effect on laminar fluid flow. Thus, the critical
Reynolds number at which the flow changes from laminar to turbulent in
a coil is considerably higher than that in a straight tube. Its value is a
function of the curvature ratio of the coil. The curvature ratio of a coil
is defined as the ratio of the cross-sectional inside diameter of the tubing
to the diameter of the coil into which the tubing is bent.

In 1959, Ito [28] summarized his experimental data together with the
experimental results of previous investigators and presented the following

empirical equations

Re_.;, = 420[Re(d/D)" %1% (1.6)
and

20,000(d/D)° 32, (1.7)

Recrit

The second equation gives good agreement with experimental results in the
range

15 < D/d < 860 .
For D/d > 860, the critical Reynolds number for a curved pipe practically
coincides with that for a straight pipe. Later, in 1967, Mori and Nakayama
[38,39] theoretically confirmed Ito’s empirical equations. But Ito’'s equation

is not strictly valid since it does not yield Re = 2100 for a straight

crit
tube when d/D = 0. This pitfall was corrected by Srinivasan(1970) [49]
with the empirical equation

Re_ ;.= 2100[1+12(d/D)*®] (1.8)

which agrees well with his experimental results, Ito’s, and others.

11



Therefore, the use of equation (1.8) is preferred for single phase flow
inside curved pipes and helically coiled tubes.

For a fluid flowing in a spiral coil, the fluid does not have a single
critical Reynolds number because the curvature ratio varies along the axis
of the spiral flow channel. In terms of equation (1.8), Srinivasan [49]
presented the following equations for spiral coils:

(Re_py¢)ain = 2100[1+12(d/D,,,)° "] (1.9a)
and

(Re

H

crit)max = 2100[1+412(d/D,; )% %1 (1.9b)
Equation (1.9a) gives the critical Reynolds number below which the flow in
a spiral is completely laminar, while equation (1.9b) gives the critical
Reynolds number above which the flow is completely turbulent. However,

Equations (1.9a) and (1.9b) fit the experimental data obtained by Srinivasan

[49] only very approximately.

Frictional Pressure Drop

As a result of secondary flow, the pressure drop along a coiled tube
is larger than that in a straight tube at the same flow conditions. The
pressure drop in the coils can be obtained from the equation for fluid flow
through a straight tube after replacing the Fanning friction factor f by

f., as follows:

AP = 4j;£—l-pvz (1.10)

d2g,
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1) Helical Coil
Laminar Flow

For laminar flow through bends and helically coiled tubes a number
of both experimentally and theoretically based equations have been
introduced in the literature [28,37,38,49] to calculate the value of the
friction factor f_.. They all are in good agreement with the experiment data
obtained but have at least one of the following disadvantages:

— the formulae are only applicable in a limited range of Dean

numbers,

— they do not satisfy the boundary condition f_, - £, if De - O.
Hart et al (1988) [26] proposed the following empirical correlation, which
does not have the above two limitations and is in good agreement with the
correlations of the previous researchers:

t_= f£_{1 + [0.090De’"*/(70 + De)]} (1.11)

where f, = 16/Re. This correlation covers the whole domain 0 < Re < Re.,;,
in which Re_.;, can be obtained from eq. (1.8). When Re > Re.,;,, turbulent
flow occurs.

From eq. (1.11) we can see that for laminar flow the ratio f /f, of the
friction factor is only a function of the Dean number, De.
Turbulent Flow

For turbulent flow, a correlation which is valid for all values of De
and Re 2 Re_;, does not appear to have been seen in the literature to
date. Five of the correlations that are often used for curved tubes or
helical coils are from:
— White (1932) [61]:

f_=f, + 0.01(d/D)"? (1.12)

13



for Re < Re < 2x10° and

crit
£, = 0.07725/[log,,(Re/7)]? (1.12a)
— Ito (1959) [28]:
4t (D/d)"? = 0.029 + 0.304[Re(d/D)?]"%%° (1.13)
for 0.034 < Re(d/D)? < 300. And
£./f, = 1.00[Re(d/D)*)!/2° (1.14)
for Re(d/D)? > 6, where
£, = 0.079Re™""%, (1.14a)
Below 0.034 the friction factor f_, practically coincides with f_,
— Srinivasan (1970) [49]:
f_ = 0.084/[Re(D/d)° °)°2 (1.15)

< De < 14,000 and 0.0097 < d4/D < 0.135, in which De =

for De crit

crit
Recrit(d/D)“2 from eqn.(1.8).
— Mishra (1979) [37):

f_ = £, + 0.0075(r/R_)/? (1.16)

for 4,500 < Re < 10°%, 0.00289 < d/D < 0.15, and 0 < p/D < 25.4. The

value of f_ in eqn.(1.16) can be calculated from eqn.(1.14a). R, is
the modified coil radius due to the effect of pitch in the helical coil

(see the following eqn. (1.17)).

The above correlations all give good agreement with large numbers
of experimental data in their applicable range. Furthermore, they yield
very similar results [49]. Thus, each can be used in its applicable range.

It is interesting to notice that eqn.(1.16), obtained by Mishra [37] in
1979, is merely the same as eqn.(1.12) which White [61] presented nearly

50 years ago. Equation (1.16) is the only correlation covering a wide

range of coil pitches for helically coiled tubes.
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It should be mentioned that, unlike the case for the laminar flow

region, f_/f_ for the turbulent region is not a function of Dean number
only, but is also a complicated function of Reynolds number Re and the
curvature ration d/D. Also, f_/f_ in the turbulent region is much less than
f./f, in the laminar region, which means that for single phase flow
secondary flow has less effect on pressure drop when flow is turbulent

than when flow is laminar.

Friction Factor Chart

By combining their equation (1.11) for the laminar domain and White’s
equation for the turbulent domain, Hart et al (1988) [26] introduced a
friction chart for single-phase fluid flow through curved tubes or helical

coils, which is presented as Figure 1.7,
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Figure 1.7 Friction factor chart for straight tubes and curved or
helically coiled tubes
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The value of the friction factor has been plotted as a function of the
Reynolds number with d/D as a parameter. The graph is valid for 0 £ d/D
< 0.2 and 0 € Re € 2x10°. The dotted line in Figure 1.7 represents values

of f, where Re = Re_.,, (Egs. (1.8) and (1.11)).

Effect of Helix Pitch
When a helical coil has a finite pitch, its coil radius R is not the
true radius of curvature. The derivation of the expression for the radius
of curvature of a helix is presented by Thomas (1964) [52]. However,
Mishra (1979) [37] found out, from his experimental study, that the pitch
has a negligible effect on pressure drop if it is less than the diameter of
the coil. He suggested that as long as the pitch is small with respect to
helix circumference, the increase in radius of curvature due to finite pitch
may be compensated to a high degree of approximation by replacing the
radius of the coil R by R_, where
R_ = R[1 + (p/2uR)?] (1.17)
Thus, the preceding equations for helical coils are valid when the pitch is
small compared to the coil diameter. When helical coils have appreciable
pitches they can be still valid by replacing the coil radius R by the radius

of curvature of coil R..

2) Spiral Coil
Although the friction factors in curved tubes and helical coils have

been widely studied, the study of friction factors in spiral coils is very
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limited.

A spiral can be considered as a two~dimensional helix with the coil
diameter varying from point to point. This contrasts with a helical coil,
which has a constant curvature and can be considered as a single 360
degree bend for each coil. Using this concept of a two-dimensional helix
Srinivasan et al [49] integrated their empirical friction factor correlations
for helical coils over the spiral coil diameter from D, to D.., and
obtained the following empirical equations to predict friction factors in
spiral coils:

f_= a(n,” - n,?)°/[Re(2p/d)*°]* (1.18)

where n;, = D, /2p, n, = D_,./2p, and &, b, ¢, and e are given in Table 1.1.

Table 1.1 Constants in empirical equation (1.18) of friction factor in spiral
coils by Srinivasan [49]

Region Laminar Transition Turbulent
a .31 .26 .0037
b 0.7 15 0.9
c 2.0 1.0 1.5
e 0.6 0.5 0.2
Re(2p/d)%'5, (limits) 500-20,000 20,000-40,000 | 40,000-150,000
Deviations, Max./Mean 9.0 % / 1.8 % 3.0% /1.1 % 2.0 %/ .84 %

The dimensionless number, Re(2p/d)?'®, in eqn.(1.18) is not as
significant for determination of the friction factor f_ in spiral coils as is
the dimensionless number, De, for f_/f_  in helices, as may be seen, when
plotting the experimental data of Srinivasan et al [49]. Establishing an
appropriate dimensionless number for single phase flow friction factors in

spirals is a task that must yet to be accomplished.
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Entrance Region

Usually a straight pipe is joined to the inlet of a curved pipe or
coil. Ito [28] reported that the influence of curvature extends upstream
in a straight pipe thirty diameters from the curved pipe inlet. Also, he
observed that the pressure drops in the curved pipe section become
proportional to pipe length when

L 2 4.7(dxR)!/? (1.19)
where L is the axial length measured from the inlet of a curved pipe.
These facts may be interpreted as evidence that (1) a secondary flow
begins to develop fairly far upstream before the inlet of a curved pipe and
(2) the secondary flow tends to accelerate development of the flow and
temperature fields by its mixing effect. This greatly shortens the entrance
length from the curved pipe inlet to the beginning of the fully developed
region. Therefore, in the case of a pipe coiled several times, the influence
of the entrance region on flow resistance and heat transfer is negligibly
small {40]. In such cases, the preceding formulae can be used along almost

the entire length of a coiled pipe.

1,2.2 Two-Phase Flow in Coils

Even not considering the secondary flow effects caused by the
curvature of a flow channel, two-phase flow, even in a straight tube, has

its inherent and complicated flow characteristics, evidenced by the diverse
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spatial configurations of the two phases (known as flow patterns or flow
regimes). It should be mentioned that the term "flow pattern"” rather than
"flow regime" is used in the present study since "flow regime" is usually
associated with the presence or absence of turbulence. Thus, in
developing their two-phase friction multiplier, Lockhart & Martinelli (1949)
[33] designated four two-phase flow regimes depending on whether none,
one or both phases were turbulent. These flow regimes had no direct

relation to the actual flow pattern.

Flow Behaviors Associated with Coil-Induced Centrifugal Forces

Obviously, the coil-induced centrifugal forces in two-phase flow will
not result in a unique secondary flow pattern as in single phase flow. It
may vary with different two-phase flow patterns.

Researchers working with annular two-phase flow in helically coiled
tubes hypothesized that induced centrifugal forces should force the liquid
onto the outside wall, as shown in Figure 1.8(b), rather than allowing it to
flow in an annular fashion. The investigation of Owhadi et al [42] revealed
that this hypothesis was inaccurate since they obtained higher dryout
qualities with the coiled tubes than those normally found in straight tubes.
Based on these findings Owhadi et al [42], Banerjee et al [3] and Crain [20]
hypothesized that secondary flow similar to that shown in Figure 1.8(c)
should exist in the gas core of two-phase mixtures flowing annularly inside
helically coiled tubes. No investigations of the effects of centrifugal forces
and secondary flow have yet been reported for flow patterns other than

for the annular flow pattern.
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(a) Secondary Flow in Single Phase Fluid Flow

OO

90° I

270°{4

180° - Axis of Bend

(b) Liquid Centrifuging in Two Phase Fluid Flow

180° Axis of Bend

(c) Secondary Flow in Two Phase Annular Flow

Figure 1.8 Secondary Flow in Coiled Tubes
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For some high quality flows in helically coiled tubes, a new
phenomenon was reported by Banerjee et al (1967) [3]. In contrast to the
hypothesis of many researchers, that induced centrifugal forces should
force the liquid onto the outside wall, as shown in Figure 1.8(b), he found
that at low liquid flow rates but high gas flow rates, the liquid phase

travels along the inside of the tube wall facing the coil axis. In his

experiments, at a constant, fairly low, water flow rate and low gas flow
rates the liquid film in upward cocurrent flow in a helical coil was located
mainly on the outside of the tube wall. However, as the gas velocity was
further increased, the liquid film moved from this position, first into the
neutral position and then into the inverted position (see Figure 1.9). As

the gas velocity continued to increase, the film moved further and further

Oas rates increase at a constant, fairly low water rate

Film on
outer tube wall

Film when neutral Film when inverted

Helix Axis Helix Axis Helix Axis

Figure 1.9 Film Inversion Phenomenon
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up the inner wall of the tube. He called this phenomenon "film inversion".
He attributed it to the fact that the magnitude of the slip velocity between
the gas and liquid phases is so large that a much greater centrifugal force
acts on the gas phase, in spite of its much lower density, and cause it to
flow on the outer wall. Crain and Bell [20], on the other hand, have noted
that the secondary flow in the gas core also helps in shearing the liquid
from the outer wall to the inside wall of tube. Hart (1988) [26] studied
this film inversion phenomenon experimentally and theoretically. Using a
lumped system for each phase, and applying the conservation of momentum
under steady-state conditions, while neglecting secondary flow, he obtained
a semi-empirical equation to calculate the "inversion" angle for small liquid
holdup values (€, £ 0.03), which could be used to predict the film inversion
when the value of the calculated angle is negative. However, it should be
pointed out that this film inversion phenomenon only occurs at certain
conditions, that is, at fairly low liquid flow rates and high gas flow rates,
in which case the magnitude of the slip velocity makes film inversion
possible. Otherwise, film inversion will not occur. For example, in some
tests of Banerjee [3] at high gas flow rates but moderate liquid flow rates
film inversion was not observed. For such liquid/vapor flow rates in the
mist flow region, either no film inversion was apparent or an inversion
point was difficult to observe, since the water film appeared to be
continually broken and replenished at random positions and with high
frequencies.

In summary, the combination of various two-phase flow patterns with
the secondary flow phenomenon associated with coil-induced centrifugal

forces makes it extremely difficult to perform a flow field analysis of two—
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phase flow in coiled tubes. A great amount of study is needed in order

to understand the flow dynamics for two-phase flows in coiled tubes.

Flow Patterns and Flow Maps

Studies of flow patterns and flow maps have been of fundamental
interest for investigators in the field of two-phase flow. One method of
predicting a flow pattern is to use a specially developed flow pattern map,
or simply, a flow map. A flow map is a two dimensional representation of
the flow pattern existence domains. These domains are separated by their
boundaries, which are called transition lines between two different flow
patterns on each of its sides and are usually determined by empirical or

semi-empirical methods.

1) Flow Patterns and Flow Maps in Straight Tubes:

In straight tubes, flow patterns are categorized according to the
orientation of the tube, i.e. horizontal, vertical, or inclined.

Rouhani and Sohal(1983) [44] summarized two~phase flow pattern
studies very well. Following are their summaries of the most commonly
observed cocurrent two-phase flow patterns in channels with different
orientations.

Horizontal Flow: Cocurrent flow of gas and liquid in horizontal channels
may assume one or a fluctuating combination of the patterns depicted in
Figure 1.10 [44]. In general most of flow patterns in horizontal channels
show a non-symmetric pattern, which is due to the effect of gravity on

fluids with different densities. Starting at the top in Figure 1,10,
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stratified smooth flow is usually observed at relatively low flow rates of
both gas and liquid. As the wvapor or gas flow rate is increased, the
smooth interface of the liquid will become rippled and wavy. This pattern

is referred to by many researchers as stratified wavy flow. If the liquid

f— ] Stratitied smooth flow

G — — — )

7" Strotitied wavy flow

& L//VL/] Plug *low

"ok, ¢ % o
=T, A’ "A_‘_——;&_ Slug flow

Annular flow

&‘-". M :ﬂg" $ !Ge‘-}'-f.“' ‘

o a g% °‘°2 Dispersed bubble flow

Figure 1.10 Schematics of horizontal flow patterns [44]

flow rate is increased, while the gas flow is maintained low, an intermittent
flow pattern will develop in which gas pockets or plugs are entrapped in
the main liquid flow. This is termed plug flow. If the flow rates of gas
and liquid are increased together, a so-called slug flow pattern will
develop. The main distinction between slug flow and plug flow is in the
more pronounced nature of intermittent liquid masses separated by a larger
gas bubble. As more clearly described by Choe et al [16], plug flow is
used to describe the condition where elongated bubbles (plugs) of gas
move through a tube filled with liquid; Slug flow describes the situation

where packets of liquid (slugs) periodically move through an upper gas
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layer. With further increase in the gas flow rate alone the state of
annular flow will develop in which the liquid flow occurs mostly within an
annular zone, like a thick layer on the channel walls, while the gas flow
will be confined to the central portion of the channel area. The semi-
annular or annular mist pattern is a noticeable deviation from the
intermittent natures of plug and slug flow patterns. The gas flow in the
core of an anuular flow may entrain a portion of the liquid phase in the
form of droplets and, in some cases, the liquid film may also entrain some
small bubbles. At relatively large liquid flow rates, with little gas flow,
one would observe the so called dispersed bubble flow pattern in which
the liquid is continuous, while the gas is in the dispersed form of
scattered bubbles.

Another flow pattern classification has been suggested by several
researchers [16] from a frictional pressure drop viewpoint. Their primary
and secondary flow classifications are listed as follows:

(a) Homogeneous Flow

- Dispersed Flow

(b) Separated Flow

- Stratified Smooth Flow

- Stratified Wavy Flow
(c) Intermittent Flow

- Slug Flow

- Plug Flow
(d) Annular Flow

- Semi-annular Flow

- Mist-annular Flow
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Vertical Upward Flow: In vertical upward flow, one may observe a variety
of flow patterns which have similarities with those described for horizontal
flow, with the exception of stratified flow. A flow pattern appearing in
upward flow that is absent in horizontal flows is churn-turbulent flow.
Generally speaking vertical two-phase flow patterns are more axisymmetrical
for the obvious reason of the effect of gravity being parallel to the flow
direction. Figure 1.11 [{44] shows some of the most commonly observed
two-phase flow patterns in vertical channels. At the left of Figure 1.11 is
shown bubble flow, which will occur when a relatively small quantity of gas
is mixed with moderate flow rate of liquid. Increasing the gas flow rate
would lead to plug flow, which some observers call Taylor bubble flow.
With a further increase in gas flow, or at higher elevations above the inlet

to the vertical channel, where plug flow is generated, one may observe
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tlow {Taylor flow or flow mist
stug) churn flow
tlow turbulent
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Figure 1.11 Schematics of vertical flow patterns [44]
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slug flow, which consists of a regular train of very large bubbles. Each
of these "slug" bubbles occupy almost the whole channel cross section
except for a thin liquid layer on the wall; Their length is several times the
channel diameter. An increase in both gas and liquid flows will lead to a
frothy flow pattern that is called churn-turbulent flow. Relatively high
gas flow rate with low liquid flow rate results in a annular flow pattern
in which both gas and liquid flows are continuous. Very high gas flow
rates or a high density gas flow will cause some of the liquid flow to be
entrained as droplets carried with the continuous gas phase. This is
called annular-mist flow.

Vertical Downward Flow: All of the flow patterns of upward flow may also
appear in the downward flow situations.

Inclined Flow: Studies of flow patterns in inclined channels have been
reported by some investigators [5,27]. The flow patterns for inclined flows
seem to have the same patterns as in vertical flow except for the limitation

or total suppression of the churn turbulent flow patterns [44].

For two-phase flows in straight tubes, numerous flow pattern maps
have been presented in the literature over several decades that propose
to predict the types of two-phase flow patterns that will exist in a flow
channel given the individual flow rates of the phases. Weisman (1979) [58]
summarized these studies very well. Among them, the Baker map [2], Taitel
& Dukler [50] map, and Choe et al map [16] are the most widely used ones.
It should be mentioned that although there are many flow pattern
transition lines in a flow map, the transition to an annular flow pattern is

of most interest and importance because of the good heat transfer rates
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and lesser instability in annular flow,

2) Flow Patterns and Flow Maps in Coiled Tubes:

While there have been extensive flow pattern studies for two-phase

flow in straight tubes [6,16,27,50,51,58], the study of flow patterns in
helical or spiral coils has, by contrast, been very limited both
experimentally and theoretically.
Helical Coil Vertical Up- and Down-Flow: Visual studies by several
investigators [3,8,13,43,46] have shown that the flow patterns observed in
helical coil vertical up- and down-flow are similar to those observed in
horizontal or near horizontal straight tubes, but with some minor
modifications, such as the effect of the centrifugal forces on fluids. Boyce
and Collier (1963) [8] attempted to predict the air-water two-phase flow
patterns in helical coil vertical up-flow using Baker’s flow map [2], but
comparisons of their predictions with the experimental results were not
good. An experimental investigation has been performed by Uddin (1988)
[53], who developed a semi-empirical model (flow map) for air-water flow
in vertical upflow helically coiled circular tubes. Chen et al(1987) [13]
presented a semi-empirical flow map for helical vertical down-flow in a
circular tube based, on their air-water experimental data. So far, they
appear to be the only flow maps developed for helical coil vertical up- and
down-flows, respectively.

Helical Coil Horizontal Flow:. For two-phase flow in horizontal helical coils,

only Guo et al(1988) [25] experimentally studied flow dynamics in horizontal
helical coils for air~water two-phase flow. The flow patterns they observed

are: unstable pulsed flow, intermittent flow, annular flow, and dispersed
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bubble flow. They proposed two semi-empirical correlations for the
transitions of intermittent-to-annular flow and intermittent-to~dispersed
bubble flow. However, the flow map and correlations they obtained were
based only on their experimental data and were not modified for more
general use. A need exists for developing a more general flow map for
two-phase flow in horizontal helical coiled tubes.

The preceding flow maps for helical coiled tubes were all obtained
for air-water two-phase flows; No flow map exists for other two-phase fluid
mixtures in helically coiled tubes, nor for the flow in other cross-section
flow channel shapes.

Spiral Coik No publication was found in the literature for two-phase flow

patterns and resulting flow maps for spiral tubes so far.

Two-Phase Frictional Pressure Drop

1) Two-Phase Frictional Pressure Drop in Straight Tubes:

Although there were numerous studies on this subject because of its
practical value, the most commonly used correlations of two-phase frictional
pressure drop by researchers are still the classical ones, such as
Lockhart-Martinelli correlation and homogeneous model.

2) Two-Phase Frictional Pressure Drop in Coiled Tubes:

Helical Coil Vertical Up- and Down-Flow: In 1967 Banerjee [3]
experimentally compared the pressure drop in vertical upward helical air-
water flow with that in the upstream horizontal section of the same length
and flow rates. The flow patterns were stratified and annular flow, the

latter occurring at high gas flow rates. He found out that the pressure
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drop in a helical coil is about the same as in an equivalent horizontal
section. Hence, he speculated that secondary flow is probably unimportant
in increasing the pressure drop in vertical upward helical coil two-phase
cocurrent flow. Boyce et al(1963) [8], Owhadi et al(1968) [42], Akagawa et
al(1971) [1], and Kasturi et al (1972) [32] tried to use the straight tube
Lockhart-Martinelli pressure drop model to predict the experimental
pressure drop for air-water, steam-water, and air-water+solutions systems
in helical vertical up-flow. However, the predictions for their test data
were very approximate.

Hart et al (1988) [26] have generated curves for friction factors for
use in pressure drop calculations in helical coiled tubes, for conditions of
a small liquid holdup range(e1 <€ .003), which almost extends within the
dispersed droplet flow region. His experimental results of air-water and
air-water+glycol(25 w¥%) systems shows that the increase(in comparison with
single-phase flow) in the pressure gradient(about 30%) of a gas-liquid
flow(e; < .003) in a vertical up~flow helically coiled tube is much lower
than the increase in the pressure gradient value measured in a gas-liquid
flow in a horizontally straight pipe(about 70%). Much additional similar
work needs to be done to study more flow pattern regions, and especially
for the annular flow region.

Helical Coil Horizontal Flow: Concerning the systematic investigation of
two-phase pressure drop in helical coil horizontal flow, no report has been
published to the author’s knowledge.

Spiral Coik Niggemann et al (1985) [41] obtained experimental data of
temperatures and pressure drop in their square tube (.5"x.5") spiral coil

heat exchanger with R-114 liquid/vapor mixture and compared with their
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pressure drop data with Chisholm’s [15] two-phase annular flow frictional
pressure drop correlation in bends, which under-predicted their test
results. No other experimental or analytical studies on two-phase frictional
pressure drop in spiral coils appear in the literature to the writer’s

knowledge.

Based on a survey of literature published from 1962 to 1990, the
status of two-phase flow patterns and frictional pressure drop study in
helical and spiral coils could be summarized as follows:

- Flow patterns, flow behaviors, and flow transitions in different helical
coil flow and spiral coil flow situations have not been investigated
systematically. Experimental studies are needed to obtain such
understanding.

- No flow map has been proposed for helical and spiral coils, except for
Uddin’s and Chen et al's semi-empirical maps for helical coil vertical
upward and downward flows in circular tubes, respectively, which apply
only to a limited range of flow conditions of air-water two-phase system.
- Because of the lack of experimental data, satisfactory correlations to
predict frictional pressure drop in helical and spiral coils have not been
seen in the literature. Both experimental and analytical studies are
needed.

- No literature was found dealing with two-phase flow in helical coils with
non-circular cross sections.

- No reports were found dealing with flow pattern and pressure drop
studies on two-phase fluids systems other than air-water, steam-water, and

air-water+solution systems.




1.3 Objectives and Scope of Study

As seen in the previous literature review, there is limited information
available dealing with the behavior of two-phase flow in coils, especially
the flow field associated with secondary flow phenomenon. Flow pattern
studies are in an early stage and experimental pressure drop data are few
and limited for some specific conditions. Theoretical analyses have not
been made due to the difficulties in describing the flow field. Because of
the very limited studies in coiled tubes, experimental studies are very
much needed to obtain both flow pattern and pressure drop data. The
present study is intended to develop a better understanding of two-phase
flow behavior in helical and spiral coils, and specifically, to study flow
patterns, their transitions and pressure drop characteristics in such coils.

This study is an experimental investigation of two-phase gas-liquid
flow in both helical and spiral coiled tubes. The general intent is to
develop criteria for establishing the nature of the flow dynamics (flow
pattern) with special emphasis on annular flow. In addition, the study is
to determine the magnitude of the pressure drop in such configurations
over a range of flow rates and fluid properties.

In practical systems of interest, the working fluids are likely to be
refrigerants 12 and 114 [11], In the study proposed here, the working
fluids are an air-water mixture and refrigerant 113. The use of air-water
and R-113 fluids is of value in that the fluid viscosities, liquid surface
tension and liquid/vapor densities span a range of conditions that can be

valuable in developing more generalized predictions of flow patterns and
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two-phase pressure drop. Furthermore, the properties of R-113 are
reasonably close to those of R-12 and R-114., Thus, while the earlier
argon-flourinent studies [17] simulated the latter refrigerants, it was
nevertheless a two-component two-phase flow, rather than the flow of a
liquid and its own wvapor.

Five test sections, namely, helical coils having a circular
cross-section and three with rectangular cross-sections of different aspect
ratios, along with a circular cross-section spiral tube, are tested using
air-water and R-113 fluids over a range of liquid flow rates and qualities.
Three configurations of horizontal, vertical-upward and vertical-downward
flow for helical coils are tested, and direct visual observation and video
photography are used so as to permit flow pattern identification over a
range of flow conditions. Measurements of temperature, pressure, flow
rates and pressure drop are made.

Data relative to flow pattern identification as a function of flow
rates, fluid properties, channel geometry and channel curvature are plotted
and compared with some existing flow pattern maps, as in [11]. The
determination of how fluid properties, channel cross-section and test
section orientation affect the flow dynamics is studied. Of practical
interest is the establishment of conditions under which the transition to
annular flow occurs, accounting for the range of fluid dynamics, fluid
properties and channel geometries.

Pressure drop measurements are compared with predictions of several
models appearing in the literature, as in [11,12]. An attempt is made to
utilize the measured results to develop an annular flow model for

predicting pressure drop in coiled geometries.
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CHAPTER 2

EXPERIMENTAL PROGRAM

2.1 Description of Experimental Apparatus

2.1.1 Description of Test Sections

Five test sections were utilized in this study. Four helically coiled
flow channels, each of different cross-section, and one spiral coil test
section of circular cross-section were studied.

The first helical coil test section (No. 0) was made of a circular glass
tube (0.325" 1.D.), while the remaining three helical coil test sections (No.1-
3), were of rectangular cross-section flow channels and were fabricated
from plexiglass. The rectangular cross-section channels were machined into
the outer surface of a solid plexiglass cylinder of 3.325" diameter. Each
cylinder was then covered with a snug-fit outer plexiglass tube of 4-1/4"
outside diameter. The hydraulic diameter of these three rectangular cross-
section channels were designed to be the same as that of the circular
cross—section glass tube, which is 0.325". Therefore, it is possible to make
comparisons on the basis of equal hydraulic diameters. Their aspect ratios,
H/W, were approximately 0.677, 1, and 1.5 respectively. In all of the three
rectangular cross-section helical coil channels, a short circular cross-
section tube was inserted into the test piece body, so that a short
transition section existed between the circular cross-section insert and the

rectangular cross—-section helical coil flow channel. The coiled test sections
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were then able to be connected into the remainder of the experimental test
loop through these short circular connection tubes. All of the four helical
coils had the same pitch of 1" and a helix-angle of 8°. The detailed
dimensions of the four helical coil test sections (No.0-3) are illustrated in
Figure 2.1(a) and Table 2.1.

The spiral coil test section (No.4) was made of circular cross-section
glass tubing with the same inner diameter (0.325") as the helical coil
circular cross-section test section. The coil pitch of the spiral coil was
almost constant, such as in an Archimedean spiral. The dimensions of this
spiral coil test section are illustrated in Figure 2.1(b) and Table 2.1, At
the inlet and the outlet ends of the coiled tube are short, straight lengths
of straight tube, tangent to each end of the coil and inclined out of the
coil plane, which permitted the connection of the spiral coil to the main
circulation loop.

Photographs of the various test sections are shown in Figure 2.2,
along with a reference scale to give the reader a better concept of the

size of test sections investigated.

2.1.2 Working Fluids

In potential practical applications (heat exchangers), the working
fluids are likely to be refrigerant fluids. For the present study, two
kinds of two-phase working fluids, an air-water mixture and refrigerant
113 (R-113) liquid/vapor mixture, were tested in two different experimental
apparatus. In this way, one can compare how fluid properties influence

the behavior of flow dynamics and two-phase pressure drop in helical and
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Table 2.1 Dimensions

of Five Test Sections

Coil Type Helical

Test Section ID No. No. 0 No. 1 No. 2 No. 3

Tube Cross-Section Circular Rectangular

Shape

Tube Inner Dia., d; 0.325" 0.3416" 0.325" 0.325"

(or hydraulic d,) (8.255mm) | (8.677mm)

Rect. Cross-Section H/W = 1.0 | H/W=0.667| H/W=1.5

Aspect Ratio H/W, H= 0.36" H= 0.271" | H=0.406"

Height H, Width W w= 0.325" | W= 0.406" | w=0,271"

Tube Length, L, 1.590 m 2.0101 m | 2.0358 m 2.2754 m
(5.216 ft) | (6.595 ft) [(6.6791 ft) | (7.4652 ft)

Coil Diameter, D_ 7.5 cm 7.6 cm 7.2 cm 7.8 cm

Helical Dia. Ratio, 9.085 8.759 8.722 9.449

D/d; (or D/d,)

Helixangle, a 8° 8° g8° 8°

Helix height, H, 16 cm 21.3 cm 22.5 cm 23.2 cm

Helix Pitch, p 1" 1" 1" 1"

Coil Type Spiral

Test Section ID No. No. 4

Tube Cross-Section Circular

Shape

Tube Inner Dia., d; 0.3256" (8.255 mm)

Tube Length, L.

1.49 m (4.8885 ft)

Inner Coil Dia., D, 5.5 cm
Outer Coil Dia., D, 16.0 cm
Length of Straight

Inlet/Outlet Section, 6 cm

AL,
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(a) Helical Coil Test Sections

(b) Spiral Coil Test Section

Figure 2.2 Photo Illustration of Test Sections
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spiral coils.

2.1.3 Experimental Loops

In order to test two kinds of working fluids, two sets of
experimental apparatus were used. An existing two-phase flow loop, in one
of the Mechanical and Aerospace Engineering Department laboratories, was
used to generate a refrigerant-113 (R-113) liquid/vapor two-phase flow
over a range of thermodynamic qualities, as input to the helical or spiral
coiled test sections. An apparatus for generating an air-water two-phase
flow was provided by the Sundstrand Corporation and was located in the

same laboratory.

(1) Air-Water Two—Phase Flow Experiment Loop

The air-water two-phase flow apparatus consisted of an air supply
line, a water circulating loop, a mixing tee, a two~phase line along with the
coil test section, remote flow control valves, and temperature and pressure
sensors. A schematic diagram of the apparatus is depicted in Figure 2.3.

Air was taken from the laboratory compressed air supply line
through a pressure regulator. The flow rate of air was measured by a
venturi meter before the mixing tee. Water was pumped from a reservoir
tank and filtered before entering the mixing tee. Its flow rate was
measured by a turbine flow meter before being mixed with the air flow.
A short transparent tube was added in the water line before the mixing tee
to assure that no air bubbles existed in the water line, in order to insure

obtaining accurate water flow rates. Within the mixing tee, air was mixed
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with water to form the air-water two-phase mixture entering the test
section. The total pressure drop across the test section was measured by
a differential pressure transducer. The pressure and temperature of the
two-phase flow were also recorded before entering the test sections. After
the test section the two-phase mixture was released into a reservoir, where
air was released into the atmosphere, while the water was recirculated by
a pump into the water inlet line again. The air and water flows were
controlled and regulated by two Fuji Koki electronic linear control valves
to maintain different air and water flow rate combinations for the different
test conditions.

All the measurement output signals were connected to a 3497A model
Hewlett Packard data acquisition and control unit, except for the frequency
of the water turbine flow meter, which was entered by hand. An HP desk
top computer, connected to this data acquisition unit, was also used to
write a BASIC computer program to obtain these measurements. All
instruments were calibrated by the Sundstrand Corporation and were

checked for selected points before each test.

(2) R-113 Two-Phase Flow Experiment Loop

A schematic diagram of the test loop is depicted in Figure 2.4. The
working fluid, refrigerant-113, was circulated by a belt-driven six-vane
positive pump, operated at 200 rpm. To heat the R-113 to its saturation
temperature and different qualities, a 6 ft long, 1" inner diameter
horizontal stainless steel tube was electrically heated with a 25 KVA
adjustable DC power supply. To cool the working fluid to its original

temperature, the test loop employs a single pass vertical shell and tube
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condenser, which used tap water as the cooling water supply.

In order to obtain accurate measurements of vapor phase quality, a
sight glass tube was added to the loop just before the stainless steel
heating tube. In this way, it was able to observe if any uncondensed
vapor bubbles were present beyond the condenser that would enter the
stainless steel resistance heater tube and cause inaccurate calculations of
vapor quality. The loop was insulated from the beginning of the electrical
heater to a point far beyond the outlet of the test section, except for a
small window area in the test section itself, intended for video camera
recordings. This insulation provided a quasi-adiabatic condition for the
R-113 saturated two-phase mixture (generated along the electric heater
tube length) flowing from just beyond the electrically heated tube to the
outlet of the test section. The test data showed that for most of the data
the temperature drop from inlet to the outlet of the test sections was less
than 1 °F. In only a few cases temperature differences of about 2 °F were
measured. From a sample calculation of the test data, the saturation
temperature drop across the test section due to a typical value of pressure
drop occurring across the test section is in the 1 °F range (1.34 °F).
Therefore, it can be assumed that the two-phase flow in the test section
was essentially adiabatic and that the two-phase quality calculated from an
energy balance on the electric heater was maintained essentially constant
(unchanged) throughout the test section.

There were two flow meters in the test loop, a Fisher Porter turbine
flow meter for high flow rates of 1.6 - 24 gpm and a Foxboro turbine
flowmeter for low flow rates of .23 - 2 gpm. In the present study, only

the Foxboro turbine flowmeter was used since the flow rates which
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occurred were within its measurement range.

The same HP data acquisition and computer units as for the air-water
tests were used to obtain all the measurement data output except the liquid
phase flow rate. The liquid flow rate was measured by its frequency
output. This frequency value was then input into the computer by hand,

which then converted this value into a corresponding flow rate.

2.2 Methodology and Procedures

2.2.1 Air-Water Two-Phase Flow Test

The apparatus depicted schematically in Figure 2.3 was first filled
with water and circulated about the loop to flush out any contaminants
before draining, refilling the loop and repeating the process until the loop
was clean.

After this flushing/cleaning procedure, water was circulated at a
predetermined, constant mass flow rate. The air flow rate was adjusted so
as to create a slug flow condition within the coiled test section that was
determined to be slightly below the onset of an annular flow condition.
After making videotapes and pressure drop measurements of this flow
condition, the gas flow was increased carefully up to the point at which
it was judged that a hydrodynamically defined annular flow just existed
(a continuous liquid film existing about the entire tube periphery). This

was designated as the transition condition from the slug to annular flow.
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The air flow was increased again to a level somewhat above this
transition condition, which assured a definite annular flow condition.
Additional operating conditions spanning the highest and lowest operating
points (in terms of gas quality) were attained, where additional
measurements of pressure differential and flow observations were made.

The air flow was then stopped, the liquid flow rate adjusted to the
next higher predesignated flow rate, and a range of air flow rates was
spanned so as to define the transition condition at that flow rate.
Pressure drop data was obtained over the range of gas phase qualities
experienced.

These procedures were repeated for each of the five test sections

and their selected orientations and flow directions.

2.2.2 R-113 Two-Phase Flow Test

For the refrigerant tests the general procedure was similar to that
of the air-water tests., However, the vapor phase flow was generated by
means of an electrically heated circular tube preceding the coiled test
section(s), as depicted in the schematic diagram of Figure 2.4. At the
beginning of a test run, the flow loop was completely filled with R-113
liquid, and circulated through it. Power was applied to the electrically
heated tube, generating vapor. Vapor was vented through a release valve
at the uppermost part of the loop to insure that any trapped air would be
eventually discharged from the system. After so evacuating air from the
system, the R-113 liquid flow was adjusted to a fixed preset flow rate

(total flow rate of the R-113 two-phase mixture when exiting the electric
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heater), and power applied to generate a predetermined vapor quality,
resulting in a slug flow condition, just below an annular flow condition.

Procedures similar to those in the air-water tests were followed so
as to generate measurements and observations over a predetermined span
of test conditions. Instead of maintaining a preset liquid flow rate for
each range of gas flow rates, as in the air-water tests, in the R-113 tests
the total flow rate was kept at a preset value and was maintained constant
over a range of qualities.

It should be noted that at each test condition equilibrium conditions
were attained before taking data, i.e. the liquid saturation temperature was
required to be at the saturation temperature of the refrigerant
corresponding to the measured system pressure. Additional attention was
given to the condenser cooling water adjustment in order to assure that
the circulated refrigerant was entering in the liquid phase as it passed
through the glass tube before entering the stainless steel preheating
section.

The achievement of steady state condition was required for every
data point taken. During any test, steady state conditions were considered
to be reached when the R-113 average temperature reached the saturation
temperature and the readings of thermocouples along the wall of the heater
remained unchanged during a relatively long time period, say 4 = 5
minutes. Because of the slow time response of the test loop to step
changes in the power input to the stainless steel heater, the time interval
between the sets of equilibrium data points was about 20 to 30 minutes.
For each steady state and equilibrium condition, two or more records of

the measurements were taken to assure the repeatability of the
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measurements at that point.

2.3 Experimental Results and Data Reduction

2.3.1 Experimental Results

A total of 15 test conditions were studied. These conditions included
two combinations of working fluids, five coil test sections, and three
different flow orientations. A total of 609 data points were taken, together
with the accompanying visual observations and video tape records. Part
of these test data will be discussed in detail in the following chapters.
The experiment parameter ranges for the 15 tests are:

For air-water data

1. Helical Coil Vertical Up-Flow
(a) circular tube:
Q; = .04 - .1238 GPM
Wg
x = .0073 - .9113

2692 - 205.5 1b,/hr

(b) rectangular tube, aspect ratio = 1.1:
Q, = .040 - .2229 GPM
Wg = 1.08 - 36.0 1b_ /hr
x = .0107 - .463

(c) rectangular tube, aspect ratio = .667:

.040 - .2229 GPM

Q

Ye

1.08 - 21.24 1lb,/hr
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x = .0106 - .3909

(d) rectangular tube, aspect ratio = 1.5:

Q, = .040 - .2524 GPM
W, = .72 - 32.76 lb,/hr
x = .0048 - .2833

2. Helical Coil Vertical Down-Flow

(a) circular tube:

Q, = .0271 - .2473 GPM
W, = .36 - 118.4 lb,/hr
x =.0035 - .6938

3. Helical Coil Horizontal Flow
{(a) circular tube:
Q, = .0352 - .2542 GPM

We

1.08 - 21.96 1b,/hr
x = .0154 - .450

(b) rectangular tube, aspect ratio = 1.1:

Q, = .040 -~ .2524 GPM
W, = .72 - 16.92 lb,/hr
x = .0064 - ,3061
(c) rectangular tube, aspect ratio = .667:
Q, = .040 - .2229 GPM
W, = .0936 - 36.36 lb,/hr
x = .0013 - .2824
(d) rectangular tube, aspect ratio = 1.5:

0707 - .2229 GPM

Q

Wy

2556 - 13.72 1b,/hr
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x =.0023 - .2124

4, Spiral Coil Horizontal Outward Flow

{a) circular tube:

.040 - .2524 GPM

Q

Wg

.216 - 15.48 1b,/hr
X = 00017 - 03449

For R-113 liquid/vapor data

1. Helical Coil Vertical Up~-Flow
(a) circular tube:
Wiot,tp = 90.11 - 191.65 lb,/hr

We

.83 - 30.5 lb,/hr

X 0062 ~ ,2723
(b) rectangular tube, aspect ratio
Weor,ep = 89.77 = 189.97 1by/hr

Wy

1.77 - 22.7 1b,/hr
x = .01 - .253

(c) rectangular tube, aspect ratio
Weot,tp = 88.94 - 192.33 1b,/hr

We

.889 - 16.17 1b/hr

X
(d) rectangular tube, aspect ratio
Weot,tp = 89.02 - 191,23 b /hr

Yg

3274 - 27.54 1b,/hr

.0023 - .3070

X

2. Spiral Coil Horizontal Outward Flow

(a) circular tube:
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w = 91.90 - 185.78 b /hr

tot,tp

W, = .668 - 20.86 1b,/hr

x =.004 - .1577

2.3.2 Data Reduction

1. Air-Water Test Data

The parameters Q;, Wg, DP,easureqr 8nd X are the primary data for the

experimental study.

Q, (in GPM) is the directly measured reading from the turbine flow
meter. The maximum turbine frequency fluctuation is less than 10 HZ
(0.003 GPM). The uncertainty of Q, gives a standard deviation of 0.00252
GPM. For detailed information concerning the uncertainty of any other
quantity refer to Appendix A.

W, (in 1b,/sec) is the directly measured reading from the venturi meter.
DP, . .surea (i Psi) is the directly measured reading from the differential
pressure drop transducer across the entire test section, including the
straight lengths of inlet and exit tubing connected to the coiled test
section and the gravitational pressure drop differences of the
transducer measuring lines. The corrections for obtaining the frictional
pressure drop in the coiled tube will be discussed in the following

Chapter 4.

x is the quality of the two-phase mixture and is calculated by:
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x = Wg / (Wy +p1Q) (2.1)

2. R-113 Liquid/Vapor Test Data

As for the air-water test data, the parameters Qiotr Wy DP

g’ measured’

and x are the primary quantities measured in the experimental study.

* Weot,tp (in 1b,/hr), the total mass flow rate of the R-113 two-phase
mixture, is equal to the loop inlet liquid R-113 volumetric flow rate
(Qtot, directly measured reading from the turbine flow meter) times the
liquid R-113 density. The maximum frequency fluctuation of turbine flow

meter is less than 10 HZ (0.003 GPM).

Weot,tp = P1,r-113 ¥ Qot (2.2)

* X, the equilibrium two-phase quality of R-113 mixture, is calculated from
the measured readings of the power to the stainless steel tube heater
(P), the estimated (calculated) heat losses of the heater to the room

(Q)0g¢)s the total mass flow rate (W,,, ,.), and the fluid temperatures at

the inlet and outlet of the heater (T, ,T.,.) by:

X = (1/hlgo) * [(P-Qloss)/wtot.tp - (hl-out—hl-in)] (2.3)

where, p, is the saturated liquid density of R-113 at T, h)g, is the

out

latent heat of vaporization at the outlet of heater (a function of T &

out
Pout)s h;_out 18 the saturated liquid enthalpy of R-113 at outlet of heater
(a function of T_,.), and h,_, is the liquid enthalpy of R-113 at inlet of

heater (a function of T,, & P, ).
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+ DP

Wg (in b /hr) is the mass flow rate calculated from Wtot‘tp and x by:

Wg= X % Weoo oo (2.4)
where, p,; is the liquid density of R-113 at the inlet of the heater.
measured (i Psi) is the directly measured reading from the differential
pressure transducer across the entire test section, including the straight
lengths of inlet and exit tubing connected to the coiled test section and
the gravitational pressure drop differences of the transducer measuring

lines. The corrections for obtaining the frictional pressure drop in the

coiled tube will be discussed in Chapter 4.
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CHAPTER 3

PRESENTATION AND DISCUSSION OF FLOW PATTERN RESULTS

For two-phase flow inside tubes, the heat transfer and pressure
drop are strongly affected by the flow pattern because different two-phase
structures yield different momentum and heat transfer characteristics.
Models of pressure drop that are not flow pattern-dependent are generally
only valid in the limited range of conditions where their empirical data was
obtained. To accurately predict pressure drop and heat transfer, the flow
patterns of the mixture must be known. Because of the unstable, and
periodic characteristics of slug flow, it should be avoided in practical
heater exchanger operations. An annular flow condition is usually the
desired condition [17].

One of major objectives of the present study was to observe and
develop a fundamental understanding of the flow patterns, and to establish
the conditions under which the transition to annular flow occurs in helical
and spiral coils.

In this study, direct visual observations were made of two-phase
flow patterns for each of 15 experimental conditions (listed in Section 2.3
of Chapter 2) associated with different test sections, flow channel cross-
sections, flow directions, test section orientations, and two-phase working
fluids. The flow patterns were video-recorded for every set of steady flow
conditions, with a fast shutter speed of 1/1000 of a second. With the

combination of observation with the naked eye and a frame by frame
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playback of recorded video tape, the flow pattern for each flow condition
could be described and identified quite clearly.

It was observed that for different combinations of flow directions
and test section orientations -- for example, vertical flow vs. horizontal
flow for the helical test sections -- the flow dynamics and flow patterns
were quite different. All the possible combinations are summarized in
Figure 1.3 of Chapter 1. Table 3.1 lists the four combinations employed in
the present study. Following sections analyzed helical coil vertical upflow
and spiral coil horizontal outward flow and left the other two conditions

for future investigation.

Table 3.1 Combinations of Flow Direction & Test Section Orientation

in the Present Study

Test Section Flow Direction & Test Section Orientation
Helical Coil Vertical Upward Flow

Helical Coil Vertical Downward Flow

Helical Coil Horizontal Flow

Spiral Coil Horizontal Outward Flow
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3.1 Flow Patterns of Vertical Up-Flow in Helically Coiled Tubes

For helical vertical up-flow in a helical coil, the flow is similar to
that in a horizontal straight tube, despite the differences of: (1) the tube

being curved, and (2) the tube being slightly inclined.

3.1.1 Flow Pattern Observations

For vertical up-flow of two-phase mixtures in helical coils, air-water
and R-113 liquid/vapor in the present study, the flow patterns observed
in either the circular or rectangular cross-sectional coils of the same
hydraulic diameters, are similar. The flow patterns are depicted in Figure
3.1 and are described as follows:

PLUG FLOW: Elongated plugs (bubbles) of the gas phase moving through
the continuous liquid phase which wets the entire periphery the tube. The
plugs and bubbles travel preferentially along the top of the tube.

SLUG FLOW: In this flow pattern, packets of liquid slugs or liquid bridges
contact the upper channel wall, and periodically move down the flow
channel between regions of gas/liquid flow, with the gas phase at the top
and liquid phase at the bottom generally.

TRANSITION: The transition flow condition is considered to be that
condition between slug flow and annular flow patterns, i.e. the liquid slug
has just started to break away from touching the upper flow channel wall.
ANNULAR FLOW: Annular flow in general is defined as a flow when a

continuous liquid film exists around the entire tube circumference and a
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DEVELOPED-ANNULAR

Figure 3.1 Flow patterns observed in helical coil vertical up-flow
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continuous gas passage way exists in the center. However, with different
qualities, this flow pattern can yield different flow sub~patterns, each of
which has its own flow dynamic characteristics. The following annular flow
sub-patterns were observed in the helical coil vertical up-flow.

ASYMMETRIC-ANNULAR or DEVELOPING-ANNULAR FLOW: This flow pattern

is the onset annular flow pattern after transition from slug flow, when a
continuous liquid film exists around the entire tube circumference.
Periodic pulsating bridges of liquid are still seen, but they no longer
touch the upper tube wall, and are therefore appropriately described as
pulsating wave peak surges within the lower liquid film.

WAVY-ANNULAR FLOW: If the gas flow rate continues to increase, the

pulsating liquid wave peaks within the lower liquid film will start to break
out. This results in the liquid/gas interface's becoming very wavy and
irregular.

ANNULAR or FULLY DEVELOPED ANNULAR FLOW: In this flow pattern, the

pulsating wave - peak surges of the liquid film at the channel bottom are
greatly smoothed, such that a transformation occurs in which a symmetric
annular flow pattern is formed. In addition, a lump of liquid droplets
which are produced by the breakage of pulsating liquid slugs flows
periodically through the continuous central gas core.,

It should be noted that unlike the two-phase flow patterns observed
in a straight horizontal tube, stratified flow patterns were not observed
in the helical coils within the range of test conditions examined herein.
This occurs because the helical coil tubes have an inclination angle of 8°
from the horizontal, which is apparently large enough to prevent stratified

flow from existing, while still allowing the rest of the similar horizontal-
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characteristic flow patterns to exist. This behavior was also observed at
angles from 1° to 30° by Taitel, Dukler and Barnea [5], 1987 and from 1/2°
to 7° by Weisman [58], 1979, for flows in straight tubes. Furthermore, the
small tube diameter (.325") of the test section used in the present study
may be another factor that prevents the maintenance of a stratified flow
pattern (see Choe, Weinberg & Weisman [16], 1978).

No bubbly flow pattern data points were recorded in the range of
test conditions of interest for the present study. However, a bubbly flow
pattern did occur at some very low gas flow rates.

In conclusion, the flow patterns observed in the studied range for
helical vertical up-flow with two kinds of two-phase working fluids {(air-
water and R-113 liquid/vapor mixtures) in both circular and rectangular
cross—section flow channels were similar to those observed in horizontal
straight flow channels (except for the absence of a stratified flow pattern,
believed to be due to small flow channel inclination of 8°). The stratified
flow pattern appears to be replaced by the slug flow pattern.

Additional Flow Regime Observations

In the slug flow condition it was observed that due to the inclination
of the helically coiled tube, the liquid film at the channel bottom, together
with its entrained bubbles, sometimes moved in a backward direction
between each slug, until the following slug surge pushed it forward again.
This intermittent phenomenon disappeared when the liquid flow rates were
high. This observation also confirms the same observation reported first
time by Saxena et al [46] (1990) in their study of air-water two-phase flow
in vertical oriented helical coils.

In all flow ranges some degree of periodic, pulsating flow occurred
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— even in vigorous symmetric annular flow, in which case a glob of

droplets surged periodically through the central gas core.

3.1.2 Comparison with Existing Flow Maps

Both air-water and R-113 two-phase flows were observed in the
circular cross-section helically coiled tubes. Two-phase R-113 flow was
additionally observed in the helically coiled tube of nearly square cross-
section.

The flow pattern observations were compared with the predictions of
four flow pattern maps. The four maps used are those by: (1) Baker [2],
(2) Taitel-Dukler [50], (3) Choe, Weinberg and Weisman [16], and (4) Uddin
[563]. The first three were developed for two-phase flows in horizontal
straight tubes. These were chosen because it was believed that the
vertical up-flow condition in helical coils with a small helix angle (about 8°
in this study) would be similar to that in horizontal straight tubes. The
fourth map by Uddin [53] was an empirically developed map for air-water
two-phase upward flow in helical coils, for coil-diameter to tube-diameter

ratios from 20 to 25.

A. MODIFIED BAKER FLOW MAP

The original Baker map [2] (1954), one of the earliest and most

widely used flow maps, was empirically derived for horizontal flow of air-
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water and some oil and gas two-phase mixtures. This map was modified
later to account for property effects in order to extend its application
range. The experimental results of the three test conditions of the present
investigation were plotted on the modified Baker flow map in Figures 3.2,
3.3, and 3.4.

In Figure 3.2, for air-water two-phase flow in the circular cross-
section helically coiled tube test section, almost all operating conditions fell
in the stratified regime, even though such a flow pattern was not even
observed for this range of flow conditions. Even in the case of the R-113
flow conditions, which are seen to be shifted from the stratified regime to
the slug and annular regimes according to the map (see figures 3.3 & 3.4),
the predicted transition lines from slug to annular flow were too high for
the flows in the circular cross-section tube, and too low in the rectangular
cross—section tube. Therefore, we can conclude that the modified Baker

map can not be used to predict the flow patterns in helically coiled tubes.

B. TAITEL & DUKLER FLOW MAP

The Taitel & Dukler map was also developed for horizontal flow in
straight tubes. The experimental data of three test conditions were plotted
on a Taitel & Dukler flow map, as illustrated in Figures 3.5, 3.6, and 3.7.
As shown in these three figures, it is obvious that this flow map is no
better than the modified Baker map, and therefore its use is not

recommended for two-phase vertical upward flow in helically coiled tubes.
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C. UDDIN FLOW MAP

The test data were also plotted on the Uddin map in Figures 3.8, 3.9,
and 3.10, The Uddin flow map is the only flow map empirically developed
for air-water vertical upward flow in helically coiled tubes. However,
examination of Figures 3.8 - 3.10 indicates that it does not predict the
present air-water experimentally observed flow patterns of vertical up-flow
in helically coiled tube, The main reason for this inadequacy is that in his
map there is no transition line between annular flow and slug flow. Yet,
this was the major transition occurring for the present experimental data.
The lack of a slug-annular transition may be due to the relatively large
tube diameter of Uddin’s helical test section, although no absolute
magnitude of the tube diameter was presented in his article. The larger
coil-diameter to tube-diameter ratios of 20 to 25 in his test sections are
much larger than the 9.08 used in the present study. This may imply a
significant difference in tube diameter between his and the present test
sections. Figures 3.8 clearly illustrates that for air-water vertical up-flow
in helically coiled circular tubes of .325" diameter and D_/d; of 9.08, the
Uddin map does not provide a good prediction of the observed flow
patterns.

For the R-113 experimental data, the transition line fell into the
stratified and plug regimes of the Uddin map for the data of the circular
cross-section tube (see Figures 3.9), while the transition and all the data
fell into the annular mist regime of the Uddin map for the data in near
square cross-section tube (see Figure 3.10), This showed that the Uddin

flow map can likewise not be used for predictions of R-113 flow patterns
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and their transitions perhaps because the map was based only upon his

limited air-water experimental data.

D. CHOE, WEINBERG & WEISMAN FLOW MAP (CHOE MAP)

Finally, the three sets of test data were compared with the Choe map
in Figures 3.11, 3.12, and 3.13. In the Choe map, plug and slug flows are
considered as "intermittent flow" and stratified and wavy stratified flows
as "separate flow". It should be noticed that even though the Choe map
was developed for horizontal straight tubes, it would predict the slug-
annular transition line of the present air-water data in the helically coiled
circular cross-section tube quite well if the separated regime were replaced
by an intermittent regime. The replacement of the separated regime by an
intermittent regime is necessary to account for the inclination effect of the
helical tube (see Figure 3.11).

In the circular cross-section coil, the experimental slug-annular
transition line for the R-113 two-phase mixture was somewhat higher than
that of the air-water two-phase mixture (see figures 3.11 and 3.12). For
the R-113 two-phase mixture, the experimental slug-annular transition line
in the near square cross-section coil was only slightly lower than for the

circular cross-section coil (see figures 3.12 and 3.13).

In conclusion, none of the four flow maps predicted flow patterns
well for the helical coil test data obtained here. Among them, the Choe
map provided the most reasonable transition line if the separated regime

is replaced by an intermittent regime. This map would appear to provide
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a good starting point for predicting the slug-annular transition for two-

phase vertical up-flow in helical coils,

3.1.3_ Modified Correlation for Slug-Annular Transition in Helical Coil

Vertical Up-Flow

In the flow conditions of interest being studied here, the transition
to annular flow appeared to be a slug-annular transition, or more generally
speaking, an intermittent-annular transition.

The two most widely used semi-theoretical correlations for
intermittent-annular flow transition in horizontal straight tubes are those
of Choe, Weisman et al(1978) [16] and Taitel & Dukler(1976) [50]. Choe et
al used wave theory as the theoretical basis for the intermittent-annular
transition. Their map has been shown, by many different investigators,
to predict the flow patterns in horizontal straight tubes quite well. For
the present study, as demonstrated in the previous section, the Choe map
provides the best prediction for the three sets of test data for vertical
up-flow in helical coil flow channels among the four flow maps used for
comparison. Taitel and Dukler have used a semi-theoretical basis for slug-
annular transition in terms of the ratio of equilibrium liquid level in the
pipe, h,, to pipe diameter d;, which reflects the force balance of liquid
gravity and viscosity in liquid slug. However, their assumption is in
disagreement with the data reported by Choe et al(1978), Simpson et al
(1977), Spedding and Nguyen(1976), and Weisman et al(1979). As shown in
the previous Section 3.1.2, the Taitel and Dukler map does not predict the

helical vertical up-flow data of the present study either.
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As a result of the inadequacies of existing flow pattern maps when

applied to vertically oriented helical coils, the semi-empirical correlation for
the intermittent-annular transition in the Choe map was investigated and
modified to predict the slug-annular transition in helical coil vertical up-
flow.

Choe et al (1978) suggested that the transition from intermittent flow
to annular flow is due to periodic slugs or pulses which splashed liquid
to the top of the tube. When the pulses are so frequent that the liquid
is unable to drain before the next pulse or slug, annular flow begins. By
using air-water slug frequency data, they concluded that the transition to
annular flow could be correlated by:

Gg = 10 (G % (d,/d,,,)"%® (3.1)

ref
where, Gg and G, have the units of lb_/ftz—sec, d, is the pipe diameter in
inches, and d.¢ = L5 inches.

For the present air-water test data in helical coil vertical up-flow,
the slug-annular transition line is very close to that predicted by Choe’'s
correlation if the separated flow pattern is replaced by a slug flow pattern
(see Figure 3.11). As seen in Figure 3.11, the air-water slug-annular
transition line for the helically coiled tube is somewhat lower than for a
straight tube, as predicted by the Choe map. This is reasonable because
the secondary flow effect in a helically coiled tube can enhance the
splashing of the liquid slug in an additional direction -- perpendicular to
the flow direction -- and hence, cause the transition to an annular flow

pattern to occur earlier. Equation (3.1) was therefore modified to attempt
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to take into account this curvature effect of the helically coil tube, based
upon the air-water test data obtained in the circular cross-section helical
coil, as follows:

Gg = 10 ( 1 - (di/Dc)O.BB ) (Gl)-0.285 (dl/d )0.38 (3.2)

ref
where, D_ is the helical coil diameter. Equation (3.2) is plotted in Figure
3.14 compared with the air-water test data together with Choe’s correlation.

It is noticed that Equation (3.3) for helical coil vertical up-flow will
coincide with the Choe’s correlation (Equation (3.1)) for straight tube
horizontal flow, if the D, -~ =,

A further effort was made to correlate the effects of R-113
properties into Equation (3.2). Because only a few experimental results of
flow patterns of air-water helical coil vertical up~flow has been reported
in the literature, the effects of the fluid properties of each phase on the
slug-annular transition in helical coil are unclear. However, the situation
is not as bad as it may first appear, because of the similarity of the flow
patterns and the slug-annular transition observed with the helical coil
vertical up-flow results to the horizontal and near horizontal straight
tubes. This similarity could provide the certain starting point for the
present study.

Weisman [68] (1979) summarized the results of previous researchers
in horizontal and near horizontal straight tubes, and concluded that for
the intermittent-annular transition the effect of gas density is significant,
while the effects of liquid density, liquid viscosity, and surface tension are

very small. These conclusions can also be qualitatively confirmed by the
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results of the Choe and Taitel & Dukler flow map comparison for the
present helical vertical up-flow data, because the disagreement of the slug-
annular transition of the present data with the Taitel & Dukler map
prediction may imply a small effect of liquid density and liquid viscosity,
since both of these quantities reflect the theoretical basis (balance of
equilibrium liquid level, h,) for the slug-annular transition of the Taitel &
Dukler map. However, the relatively good prediction of transition provided
by the Choe map for the present helical coil test data may suggest that
the gas density and density difference of the two phases could have a
significant influence on the slug-annular transition, since the theoretical
basis of this map is the frequency behavior of slug pulsing. Therefore,
with this indirect evidence, the incorporation of property effects on the
slug-annular transition proposed by Weisman [58] for horizontal straight
tube was adopted for helical coil vertical up-flow in the present study.

The R-113 test data in the circular cross-section coil was used here
as the basis for the following empirical slug-annular transition correlation,
which includes property effects:

a8 12 4 k']
G, = 10 [1-(;1) 11 pd(4p,0) ] G,""(_d_ (3.3)

A .
)
4 p J(A Pa,wo )ln d"

where, Ap, , = (p,~P,)s in which p, = .0745 lb_/ﬂ;3 (1 atm, 70 °F) and p, =
62.31 lb_/ﬁ;3 (1 atm, 70 °F). The water surface tension, o,, is taken to be
that at 70 °F, which is .0644 N/m. Equation (3.3) was plotted with the test
data in Figure 3.15. Good agreement is shown. Further study is needed

to verify this method of incorporating property effects in the slug-annular

transition developed for horizontal straight tube flow, by Weisman, so as
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to be applied to vertical up-flow in helical coils.

Finally, comparing the transitions of the R-113 test data between
circular tube flow channel and rectangular cross-section flow channel
(Figures 3.12 and 3.13), the transition to annular flow in near rectangular
cross—-section flow channel occurs slightly earlier than in circular cross-
section flow channel. This is believed due to the influence of the upper
corners of the rectangular cross-section flow channel, which have the
tendency to retain liquid (i.e. prevent draining) due to the liquid surface
tension and wetting characteristics.

Since no study has been seen so far in the literature on for two-
phase flow in helical coils with rectangular cross-sections, a correlation is
proposed here to take into account the effect of the rectangular cross-

section by modifying Equation (3.3) as follow:

-1m p‘[(Apyo)m 34 _w(_d_,,)”

G, = 10 -y (FH) [ 1 G, (3.4)
D, pJ(Ap,,0,)"? d

rof

where, H and W are the height and width of the rectangular cross-section,
respectively, and d; is the hydraulic diameter of the rectangular cross-
section flow channel. The term (H/W) 7! in Equation (3.4) can be
considered to be the shape factor of the rectangular cross-section flow
channel. It is noticed that the exponent of the aspect ratio (H/W) in
Equation (3.4) is negative, which implies that the larger the aspect ratio
the earlier the transition from slug flow to annular flow will occur. It is
reasonable since if the height of the flow channel cross-section were very
small it would be very difficult for the liquid slug to break away from the

top to form a continuous gas flow passage. It would be easier for a liquid
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slug to separate from the top surface if the height of the flow channel
cross-section were relative high. In any situation, the centrifugal force
effect could still maintain a continuous liquid film at the tube top,
preventing a liquid film at the upper surface from draining down.
Experimental data for R-113 flow in the #1 rectangular tube channel for
vertical up-flow are plotted and compared with the predictions of Equation

(3.4) and Choe’s correlation in Figure 3.186.

The slug-annular transition in helical vertical up-flow for the
present study can be summarized as follows:

+ The slug-annular transition for air-water and R-113 up-flow in a
circular cross—section vertical helical coil is described by Equation
(3.3). The transition for flows in rectangular cross-section channels
is described by Equation (3.4). Applicability to other coil geometries
and fluids must be established.
* Using the data obtained as a guide, it appears that the curvature
effect (centrifugal force) in a coil geometry causes the transition
from slug to annular flow to occur earlier as compared with straight
channels. This applies to both circular and rectangular cross-
section flow channels.
* The effect of properties of R-113 liquid/vapor upon the flow
patterns and transition observed, as compared with those of air-
water, is significant. The transition to annular flow for R-113
liquid/vapor is much higher than for air-water.

Among the preceding effects, the effect of properties is

largest, while the effects of tube curvature (vs. straight tube) and
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rectangular cross-section (vs. circular cross-section) are relatively
small. Since the hydraulic diameter of the studied #1 rectangular
cross—-section helical coil flow channel is about the same as that of
the compared circular cross-section helical coil, the small difference
on transition to annular flow between the two may imply that the
hydraulic diameter is the factor of significance in the transition
criteria, rather than the channel shape. Further studies need to be

done concerning this implication.

3.2 Flow Patterns of Horizontal Outward Flow in Spiral Coils

For flows in a spiral coil oriented within a horizontal plane, the flow
is similar to that in a horizontal straight channel, except for the channel
curvature. Therefore, the flow channel in a spiral coil horizontal outward
flow may be expected to be similar to the helical coil vertical upflows
described earlier, except for the small inclination of the coil passages.
Additionally, it should be noted that the curvature is not constant in a

spiral coil, as it is in a helical coil.

3.2.1 Flow Pattern Observation

Experimental observations were made for the spiral coil test section
of circular cross-section in horizontal outwardly spiraled flow for air-water

and R-113 liquid/vapor flows. The flow patterns observed in the spiral
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coil geometry proved to be similar to those in helical coil vertical up~-flow.
The transition to annular flow was also observed to be a slug-annular type
of transition. Because the curwvature of a spiral coil changes along the
flow channel -- i.e. the coil curvature decreases for outward flow as the
coil diameter increases -- this transition was observed, for a certain gas
flow rate, to occur first in the upstream portion of the channel where the
smallest coil diameter (largest curvature) occurred. Then, this transition
will develop downstream towards a larger coil diameter if the gas flow rate
increases under the same liquid flow rate. This is consistent with the
observation in helical coil vertical up-flow that the centrifugal force caused
by the flow channel curvature tends to cause slug-annular transition to
occur earlier for the same flow condition and same flow channel tube
diameter. The transition identified for each test condition conducted in the
present study is that flow condition for which annular flow exists along
the entire length of the spiral coiled flow channel. At this transition
condition, in accordance with the preceding argument, the transition should
occur in the region having the largest coil diameter, i.e. just before exiting
from the test section.

An additional observation of interest that was made is that the
periodic backward motion of the liquid film at the channel bottom between
slug surges that was observed in the helical coil vertical upflows was not
observed in the spiral coil horizontal outward flow. This is probably due

to the absence of any inclination in the flow channel.
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3.2.2 Comparison with Existing Flow Maps

Like the analysis for the helical coil data, the observed flow patterns
in spiral coil tests were compared with four flow maps, the Bak‘er modified
flow map, Taitel & Dukler map, Choe et al map and Uddin map, in Figures
3.17 — 3.24. As shown in Figures 3.17 — 3.22, the Baker map, Taitel &
Dukler map, and Uddin map all show disagreement with the present air-
water and R-113 test data. However, the Choe map gives a good prediction
of intermittent-annular transition for the air-water data if the separated
flow pattern were replaced by intermittent flow pattern (see Figure 3.23).
As seen in Figure 3.24, the slug-annular transition for R-113 test data is
much higher than the transition line predicted in the Choe map for air-
water, but if it were shifted upward, it could predict the R-113 data quite

well. These results are similar to those for helical coil vertical up-flows.

3.2.3 Modified Correlation to Predict Slug-Annular Transition in Spiral Coil

Horizontal Outward Flow

Because no study on flow pattern transitions in spiral coils has been
seen in the literature and there is a similarity of flow pattern behaviors
in spiral coil horizontal outward flow to that in helical coil vertical up-flow,
the previously developed correlation herein for slug-annular transition in
helical coil vertical up-flow is also used here to predict the slug-annular
transition in spiral coil horizontal outward flow. An additional modification
is made, however, to take into account the changing curvature of the coil

along the flow channel. Instead of giving a transition line as in a helical
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coil system with a constant coil diameter, the transition in the spiral coil
geometry is identified as a band bounded by upper and lower transition
lines which correspond to the largest and smallest coil diameters of the
spiral coil. The upper and lower slug-annuler transition lines for circular
tube spiral coil horizontal outward flow are given as follows:

10 13"y [PdAeu” ]“G s 4% (35

sjower Liower
Dc-llli pJ(A Pow® w)m d'#

Q
0

P n 2
SEPY N R T R I

Dc,ulx p J(Ap-.w" w)m Lapper »

Q
]

where, Ap, . = (p,~p,), in which p_ = .0745 1b/ft’ (1 atm, 70 °F) and p, =
62.31 lbm/ft3 (1 atm, 70 °F); d.es = 1.5 inches. The water surface tension,
o, is taken to be that at 70 °F, which is .0644 N/m.

In Figures 3.25 and 3.26, the test data for air-water and R-113
liquid/vapor flow in the circular cross-section spiral coil are compared with
the proposed correlations (Equations (3.5) & (3.6)), together with the Choe
map intermittent-annular transition line. Good agreement is shown for air-
water data. Fairly good agreement is shown for the R-113 data with some
fluctuation occurring in the vicinity of the transition band. These results
suggest that the same transition criteria can be used in the spiral coil
horizontal outward flow as in the helical coil vertical upward flow for the
coil geometries of the present study. The transition band for the spiral
coil, instead of a transition line as in the case of a helical coil, reflects the

characteristics of the variation of the coil curvature of a spiral coil upon
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Figure 3.26 Modified correlation for slug-annular transition for

spiral coil horizontal outward flow in circular tube, air-water
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the flow pattern transition. However, as seen in Figures 3.25 & 3.26, when

the curvature ratio D/d changes from 6.7 (D,; /d,) to 19.4 (D /d;) the

min nax
transition line does not shift much. The small curvature effect compared
with the property effects, is in agreement with the conclusion made earlier
for helical coil vertical upflow conditions. Also, the successful use of the
slug-annular transition correlation developed here for helical coil vertical
up-flow gives credits to the conclusion by Hasan (1988) [27] that in
straight tubes the small pipe inclination does not affect the flow pattern
and its transition, except for shrinking the existence of a stratified flow
pattern. Apparently, a similar conclusion can be drawn for flows in coiled
tubes.

The fairly good agreement of the slug-annular transition prediction
in spiral coils by using the empirical correlation developed herein from
helical coil data provides additional support for its application --

predicting the slug-annular transition in horizontal and near horizontal

coiled tubes.

3.3 Summary

Helical Coil Vertical Up-Flow

* The flow patterns observed in helical coil vertical-up flow were similar
to those observed in horizontal straight tube. They are:

- Bubble
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- Plug

- Slug

- Annular
The stratified flow pattern was not observed as might be expected in a
horizontal straight tube, but was replaced by a slug flow pattern in the
same flow range. This is apparently due to the slight inclination of the
flow channel, and has been confirmed by other investigators [27,58] for
flows in straight channels with small angles of inclination. A backward
motion of the liquid film at the channel bottom, between slug surges, was
observed for helical coil vertical up-flow conditions at some low gas flow
rates. This also appears to be due to the pipe inclination and has also
been reported by other earlier investigators [46].
* The observed transition to an annular flow pattern occurs from a slug
flow pattern.
+ It was concluded that the tube curvature, fluid properties, and flow
channel cross-section have an influence upon the slug-annular transition.
Among them the properties effect is the most dominant one.
* Three sets of experimental data of air-water and R-113 liquid/vapor in
a circular tube, and R-113 liquid/vapor in a near square cross-section
helical coil test section with vertical up-flow, are compared with four flow
maps. They are the modified Baker flow map, Taitel & Dukler map, Choe
et al map, and the Uddin flow map. None of these maps was able to
adequately predict the present helical vertical up-flow test data. However,
the Choe map gives the closest prediction for the transition to annular
flow.

* An empirical correlation of the slug-annular flow pattern transition for
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circular cross—section helical coil vertical up-flow is developed. It gives
good agreement with the air-water and R-113 test data.

+ With a shape factor correction, an empirical correlation of slug-annular
transition in rectangular cross-section channels for helical coil vertical up-

flow is proposed.

Spiral Horizontal Qutward Flow

+ The flow patterns observed for horizontal outward flow in a spiral coil
were similar to those observed in helical coil vertical up-flow. Even
though there is no flow channel inclination in a horizontal spiral coil
orientation, the stratified flow pattern was still not observed. The
backward motion of the liquid film at the channel bottom between slug
surges, at some low gas flow rates, was not observed simply because the
flow channel has no inclination in this situation. The observed transition
to the annular flow pattern in the test ranges studied is also a slug-
annular type transition.

« Two sets of the test data in spiral coil horizontal outward flow of air-
water and R-113 in circular tube were compared with the same four flow
maps as for helical coil data. Similar results as for the helical coils were
obtained.

* The transition between the slug and annular flow patterns in spiral coil
horizontal outward flow are about the same as in helical coil vertical up-
flows, The difference to be noted is that the transition line in spiral coils
is not as clearly defined as in helical coils because of the variation of coil

diameter along the flow channel. Instead, for the spiral coil, the transition
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from slug to annular flow was designated by a band which reflects the
largest and smallest curvature ratios throughout the entire spiral coil flow
channel. The overlapped slug-annular transition line/band between helical
and spiral coils suggests that the small flow channel inclination does not
appreciably affect the flow pattern transition in coiled tubes. Correlations
to predict the upper and lower slug-annular transition lines for circular

tube spiral coil horizontal outward flow are proposed.
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CHAPTER 4

PRESENTATION AND DISCUSSION OF PRESSURE DROP RESULTS
4.1 INTRODUCTION

For two-phase flows, the pressure drop is strongly affected by the
flow pattern because the momentum characteristics of the flow are
dependent on the spatial configuration formed by the two phases. The
pressure drop for two-phase flow inside a coiled flow channel can be
divided into three components: gravitational pressure drop, accelerational
pressure drop, and frictional pressure drop, just as for two-phase flow in

straight tubes, i.e.,

AP, = AP‘ + AP, + API (4.1)
or, it can be expressed in the form of pressure gradients,

Q =Q+Q+Q (4'2)
(dz),, (dz), (dz) (dz),

Therefore, to obtain the two-phase frictional pressure drop from the
measured pressure drop values in the present study one may subtract the
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accelerational and gravitational pressure drop components from the total

measured pressure drop.

1. Gravitational Pressure Drop

The gravitational pressure drop in two-phase flow can be expressed

as

AP, = p, £ Az (4.3)

where, p,p, is the two-phase mixture density, g is the gravitational
acceleration, g_. is the gravitational conversion factor, and Az is the
elevation in the gravity direction. Two methods are used to estimate the
two-phase mixture density. One method uses mass quality, while the other

uses the void fraction.

A, Mass Quality Method

1 _x (-3 (4.4)

where, Py and p, are the density of gas and liquid, respectively, and x is
the quality of the two-phase mixture.

B. Void Fraction Method

In this method, the two-phase void fraction may be calculated by
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« = 1.0
(10 + XOHos™

(4.5)

where X is the Lockhart-Martinelli parameter. Equation (4.5) is Martinelli’s
empirical correlation for two-phase flows at low pressures [56]. The

density of the two-phase mixture can then be estimated as

Prp = &P, + 1 - a)p, (4.6)

For the horizontally oriented helical coil and for a spiral coil
oriented in a horizontal plane, the term AP! will be negligible. In contrast,
for a vertical helical coil orientation, particularly at low void fractions, this
term can account for the major part of the total pressure drop. In the
present study, Equation (4.4) will be used if using a homogeneous method
to analyze two-phase flow pressure drops but Equations (4.5) and (4.6) will
be used if using Lockhart-Martinelli model to analyze two-phase flow
pressure drops. However, as will be seen later in the analysis, the results
are close for the two methods in calculating two-phase mixture average
density in the studied ranges herein.

2. Accelerational Pressure Drop

The accelerational pressure drop in a flow arises from the momentum
change between the two-phases, which could occur as a result of
evaporation and/or expansion of the two-phase flow. In the present tests,
the tubes were of uniform cross section, and the data were collected under
essentially adiabatic, steady-state conditions. Thus, this term is assumed

to be negligible.

104




3. Frictional Pressure Drop

One of the principal objectives of the present study is to obtain the
two-phase frictional pressure drop in coils. Therefore, the following
sections will primarily discuss the frictional pressure drop. Since for the
present test conditions the accelerational pressure drop is negligible, the
frictional pressure drop will be obtained by subtracting only the

gravitational pressure drop from the total pressure drop.

4.2 TEST DATA

1. CORRECTION OF ELEVATION HEAD IN AP TRANSDUCER MEASUREMENT

The measured values of pressure drop contain the hydrostatic head
within the pressure drop measuring lines of the transducer. Therefore,
the following steps were taken to exclude this gravitational pressure drop
from the measured data to obtain the frictional pressure drop component.

The actual connection of the pressure drop transducer taps across
a coil test section is shown in Figure 4.1. As seen in the figure, the
measured pressure drop from the Ap transducer is,

AP

= PA’—PD,

measured

PA-(PD+p l-roo-(g/gc)(ZZ—zl))

(Py=Pp) = P).roon(8/8.)AzZ. (4.7)
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Figure 4.1 Pressure Drop Transducer Measurement Connection
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The measured two-phase total pressure drop from point A to point D can

be obtained by modifying this equation as follows:

(PA—PD) = APmeasured + pl-roon(g/gc)Az' (4'8)

For each test condition of the different coil test sections, flow
orientations or fluids, the connection of the Ap transducer varied. The
following Table 4.1 listed the actual Ap transducer connection dimensions
for the three test conditions for which pressure drop measurements were

analyzed in the present study.

2. CORRECTION OF GRAVITATIONAL PRESSURE DROP

According to equations (4.1) and (4.3), the total two-phase pressure
drop along the flow channel from point A to D (see Figure 4.1) can be

written as

(Py-Pp) = APy tota1 *+ Prel8/8.) Az (4.9)
where AP;_ .. ..; is the total two-phase frictional pressure drop between A
and D, and Az is the elevation difference between A and D. Therefore,

combining equations (4.8) and (4.9), the measured total two-phase frictional

pressure drop from transducer taps A to D can be obtained by

APf—total-masured = APneasured + (pl—roon_PTP)(g/gc)Az’ (4'10)
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Table 4.1 AP Transducer Measurement Connections For Each Test Condition

Test Section

Test Condition Description

Helical Coil

Table 11
Air/Water
Circular Tube
Vertical Up-Flow

Table RO
R-113 Ligq/Vapor
Circular Tube
Vertical Up-Flow

Table R1
R-113 Liq/Vapor
#1 Rec. Tube
{Near Square)
Vertical Up~-Flow

(]

Coil Dia. D, 2.953 in 2.953 in 2.992 in
.360 in x .325 in
Tube Dia. d; 0.325 in 0.325 in {(height x width)
d, = .3416 in
Total Length L 5.217 ft 5.217 ft 6.595 ft

Inlet & Exit

Straight Tube Connections from Coil to AP

Connection Transducer Taps
Inlet Length L, 0.742 ft 0.755 ft .820 ft
Exit Length L, 0.968 ft 1.017 ft 1.083 ft
Total Length L, 1.709 ft 1.772 ft 1.903 ft
Elevation Az Elevation between AP Transducer Taps
Az = (zl—zz) 0.551 ft 0.5625 ft .650 ft
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3. CORRECTION OF FRICTIONAL PRESSURE DROP ALONG INLET AND EXIT

STRAIGHT TUBES

The total frictional pressure drop between A and D (see Figure 4.1)
contains two portions, APf_s. the frictional pressure drop along the inlet
and exit straight tubes, and AP;__, the frictional pressure drop along the

coiled tube of the test section, that is,

APf—total = Apf-c + Apf-s’ (4.11)

Therefore, the measured frictional pressure drop along the coil flow

channel can be obtained by,

Apf-c-neasured = Apf-total-neasured - Apf-s-calc. (4‘12)

where AP;_ . ia1-measureq C&N be obtained from eq. (4.10), and AP, __ ... is
the calculated frictional pressure drop along the inlet and exit straight
tube lengths obtained by applying two-phase frictional pressure drop
correlations for two-phase flow in straight tubes. It should be noticed
that the values obtained for AP;_ . easurea Will have different values when
using different straight tube two-phase frictional pressure drop
correlations to calculate AP, . ..;c.-

It should be noted that the straight tube length is about 1/3 of the

coil length, or about 1/4 of the total measured length in the present study.
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4.3 SINGLE PHASE FRICTIONAL PRESSURE DROP IN HELICAL COILS FOR

VERTICAL UP-FLOW

1. Test Results and Analytical Correlations

Single phase pressure drop data were taken for each tested liquid
flow rate before the two-phase flow test measurements were made. The
helical coil test sections were vertically oriented, with the two-phase
mixture flowing upward. The measured pressure drop data were corrected
from hydrostatic pressure drop (gravitational pressure drop inside the flow
channel and inside the differential pressure transducer measuring lines,
see equation (4.10)), and then compared with calculated results by
frictional factor correlations with and without a correction factor
accounting for coil curvature, respectively.

For flow in the circular cross-section coiled channel, the measured
and calculated total frictional pressure drop results are plotted against
Reynolds number in Figure 4.2 and 4.3 for both water and R-113 liquids,
respectively. Also, the total frictional pressure drop of R-113 liquid in the
near square cross-section flow channel is plotted in Figure 4.4. Shown in
figures 4.2-4.4, are the measured total frictional pressure drop values
between pressure drop transducer taps, which include two sections of
straight flow channels and the coiled test section. The dashed lines are
the calculated total frictional pressure drop using the following straight
channel friction factor (f_) correlations (equations (4.13) - (4.15)) for single

phase flow in both straight and coiled tube lengths.
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111




O Measured

—Cal., using f, & Re .;¢ ¢
Cal. using f, & Re ., o
ST S S SR N

s o

a8 o1
-
-]
-
m;
o 0o

Re (Reynolds Number)
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Re, ., = 2100, (4.13)
f, = 16/Re, if Re < Re ., (4.14)
f, = 0.079 Re"®'?%, if Re > Re_,,. (4.15)

The solid lines are the calculated total frictional pressure drop, in which,
the frictional pressure drop in a straight tube was calculated using the
above straight tube frictional factor (f_) correlations, and the frictional
pressure drop in the coiled tube length was calculated using the following
correlations developed and proposed specifically to apply to flows in coiled
geometries, which are the most recommended combinations of correlations

as discussed previously in Chapter 1.

Re,,;, = 2100 [1 + 12 (d/D)°*% ], [Srinivasan] (4.16)
f. = (16/Re)*{1+[0.090De''*/(70+De)]}, if Re < Re__,,, [Hart] (4.17)
f, = 0.079Re"%?* + 0.0075(r/R.)'/?, if Re > Re__,,, [Mishral (4.18)

where R, = R[1 + (p/ZItR)z], is a correction for the pitch effect on coil
curvature.

A good agreement was shown, for all three conditions, between the
measured AP,_, .., data and the calculated AP,_, .., data with coil-corrected
friction factors by Hart et al [28,26,37,49]. This good agreement also
proved, to some extent, that the measurements obtained in the present
tests are considered to be reliable.

The calculated frictional pressure drop curves using straight-tube
friction factor correlations were far below the measured values. These

results indicate that, because of the secondary flow effects, the friction
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loss in a coiled tube is greater than in an equal length of straight tube,

and that laminar flow is maintained to higher Reynolds numbers in a coil

geometry (see eq. (4.16)).

2. Frictional Pressure Drop Comparison Between Water and R-113 Liquid in

Circular Tube For Helical Coil Vertical Up-Flow

The frictional pressure gradients of water and R-113 liquids flowing
through a coiled tube in the vertical up-flow direction are plotted in
Figure 4.5. From this plot, it is observed that water has a higher
pressure gradient than R-113 liquid in coiled or straight tubes; This is
likely due to the higher viscosity of water (At 25 °C, the viscosity of water

is 2.1788 1b,/ft-hr while that of R-113 liquid is 1.6449 Ib,/ft-hr).

3. Frictional Pressure Drop Comparison of R-113 Liquid in Circular and

Near Square Tubes For Helical Coil Vertical Up-Flow

In order to compare the effect of the flow channel cross-sectional
shape on the frictional pressure drop in coiled tubes, the friction factors
in the coiled channels are plotted in Figure 4.6 for R-113 liquid in a
circular and a near square channel cross-section helical coil test channel,
respectively., The hydraulic diameter of the near square channel was
0.3416", about the same as the diameter of the circular tube, which is
0.325",

As shown in Figure 4.6, the friction factors in the tubes of both

cross—sections are about the same. This suggests that, in helically coiled
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tubes, the friction factor through a circular cross-section channel is about
the same as that in a channel of near square cross-section having a same
hydraulic diameter. Because of the secondary flow occurring in the coil
geometry, it may suppress the small shape effect of a square tube having

the same hydraulic diameter as a circular tube.

4.4 Two-Phase Frictional Pressure Drop in Helical Coil Vertical Up-Flow

Three sets of test conditions were studied. They are (1) air-water
helical coil vertical upflow in circular cross-section flow channel, (2) R-113
liquid/vapor helical coil vertical upflow in circular cross-section flow
channel, and (3) R-113 liquid/vapor helical coil vertical upflow in #1
rectangular cross-section flow channel (aspect ratio equal to 1.1, and of

the same hydraulic diameter as the circular tube).

4.4.1 General Observation and Analysis

Frictional Pressure Drop and Flow Pattern:

In order to investigate the effect of flow pattern on frictional
pressure drop in helical coil vertical up-flows, a large number of
observations and measurements of air-water flows were made. In
particular, pressure drop data and the associated flow pattern
identifications were obtained over a wide span of quality: 0.73% -- 91.13%.

The total measured frictional pressure drop across the test section (which
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includes the straight sections that precede and follow the helical coil
section) are plotted in Figure 4.7, together with the identified flow pattern
areas. The experimental pressure drop data peoints in Figure 4.7 are
connected by straight line segments.

As seen in Figure 4.7, a direct relationship appears to exist between
the measured two-phase pressure drops in the helical coiled channels and_
the flow patterns, as in straight flow channels. Generally, pressure drop
increases as liquid and/or gas flow rates increase. However, the slope of
the pressure drop curve changes, depending on the kind of flow pattern
that exists in the two-phase flow. It was observed that when the liquid
and gas flow rates are both low the observed flow patterns are in the
intermittent or developing-annular regions, as indicated in the figures, and
the increase of pressure drop with flow rates are moderate. This may be
explained as follows. In these types of flow patterns the periodic liquid
slugs (in slug flow) or the big pulsating wave peaks within the lower
liquid film (in developing-annular flow) largely block the central gas
passage way, so that the gas velocity can not increase sharply with an
increase of gas flow rate, This implies that in this regions (slug and
developing-annular), the slip ratio (Vg/Vl) is close to 1 or the difference
between the velocities of the gas and liquid phases is sufficiently small
that pressure drop analyses based on homogeneous methods are reasonable.

Further, as seen in Figure 4.7, with increasing higher gas flow rate
the increase in the frictional pressure drop starts to increase shar~p1y with
the quality. The flow pattern occurring in this region is wavy-annular,
based upon the observations of flows in this region. This is an unstable

or transient flow region between developing-annular and developed-annular
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Figure 4.7 Measured Total Frictional Pressure Drop in Helical Coil

Vertical Up-Flow, Air-Water, Circular Tube
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flow regions. As described earlier in Chapter 3, in wavy-annular flow, the
pulsating wave peak surges within the lower liquid film may be sheared
away, causing the lower liquid film to become very irregularly, and
causing large amount of liquid to be entrained into the central gas core.
The sharp slope of pressure drop shown in this region suggests that when
analyzing the frictional pressure drop in this region, additional pressure
losses may need to be considered which could result from the breakage
(entrainment) of wave peak surges of liquid film and from the irregularly
wavy interfacial friétion loss.

After the wavy-annular region, if the gas flow rate is further
increased, the flow enters into the developed-annular flow region. In this
region, as described earlier in Chapter 3, the wavy peak surges of the
liquid film becomes greatly smoothed, and the annular pattern becomes
more symmetric. As shown in Figure 4.7, the pressure drop in this region
increases in an exponential manner with the gas quality which may suggest
that a high slip ratio exists within this flow pattern. In this developed-
annular flow region, the peripheral annular liquid film is more symmetric
and has a smoother interface, which allows the gas velocity in the central
gas core to increase faster than the liquid velocity in the annular liquid
film around the tube periphery. Therefore, homogeneous method based
models would be expected to be unsuccessful in predicting the pressure
drop in this flow regime.

It is also observed from Figure 4.7, that the flow pattern transition
from intermittent flow (slug flow) to developing-annular flow occurs at
lower qualities with higher liquid flow rates. The same conclusions can be

drawn for the transitions from developing-annular flow to wavy-annular
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flow, and from wavy-annular flow to developed-annular flow, as well. Since
the major purpose of the present study was to investigate the transition
to annular flow, and the annular flow region after this transition, the
remainder of the experimental conditions were all in the range of quality
less than 30%, which is characterized in the present study as the
"developing-annular" flow region.

In Figure 4.8, plots are made of total measured pressure drop vs.
quality, with corresponding flow patterns, for R-113 liquid/vapor flow in
circular and rectangular cross-section flow channels. A portion of the air-
water data on Figure 4.7 for vertical up-flow in a circular cross-section
flow channel with qualities less than 30% is also shown. As can be seen
in Figure 4.8, in the range of quality from 0 -- 30%, the relation of flow
pattern and pressure drop for R-113 is similar to that of air-water. The
pressure drop gradient is seen to increase as the liquid flow rate or total
flow rate increases. Also, the transition from slug flow to annular flow
occurs at lower qualities with higher liquid flow rates (or total flow rates).
It should be noted that all of the flow patterns for the R-113 data are in
the intermittent or developing-annular flow regions. In addition, in the
rectangular cross-section flow channel the transition is seen to occur at
a higher quality and pressure drop compared to the circular cross-section
flow channel (compare Figure 4.8(a) and (b)).

It should also be noticed that, unlike the transition from developing-
annular flow to developed-annular flow for air-water flow, no special
characteristics, such as a sharp increase, could be observed from the
pressure drop vs. quality curves obtained from the three sets of data

presented in Figure 4.8.
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The preceding observations relative to the data of Figure 4.7 and 4.8
shows that different flow patterns yield different relations of pressure
drop with respect to quality and flow rates. Therefore, the ability to
predict flow pattern is again shown to be very important in predicting
frictional two-phase pressure drop. Conversely, the pressure drop data
may also provide useful information for flow pattern analysis, as revealed
in Figure 4.7, for example, when the pressure drop experienced dramatic
changes as the flow pattern changed from developing-annular flow to
developed-annular flow.

Finally, in Figure 4.9 a comparison is made of two methods of
calculating the density of a two-phase mixture by plotting the air-water
pressure drop data obtained for the vertical up-flow case. In this figure,
the solid symbols represent the values of measured total frictional pressure
drop calculated from Equation (4.10), in which the two-phase mixture
density is calculated by the void fraction method (equations (4.5) and
(4.6)), while the open symbols indicate the wvalues of measured total
frictional pressure drop obtained by correcting the gravitational pressure
drop using the "mass quality method" (homogeneous method, Equation (4.4))
to calculate the two-phase mixture density. Apparently, there is little
difference shown by using the two methods here. The other two sets of
data obtained in the present study for R-113 result in the same conclusion

being drawn as well.
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Figure 4.9 Comparison of Calculating the Density of Two-Phase
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4.4.2 Comparison of Measured Frictional Pressure Drop in Helical Coils

with Existing Two-Phase Frictional Pressure Drop Correlations in

Straight Tubes

There are two commonly used approaches for the experimental and

analytical study of two-phase frictional pressure drop in coil geometries.

One is to adopt and/or modify the existing single-phase frictional pressure

drop models in coil geometries by using the homogeneous method to
develop two-phase frictional pressure drop models in coil geometries. The
second approach is to modify the existing two-phase frictional pressure

drop models in straight tubes, such as the Lockhart-Martinelli model, by

taking into account the curvature effect of coiled tubes to develop two—
phase frictional pressure drop models in coiled tubes. In this and the
following section, efforts were made through the two approaches to analyze
two-phase frictional pressure drops for three sets of experimental data of
helical vertical up-flow.

Since there is no existing two-phase frictional pressure drop
correlations developed for helical coil vertical up-flows, the frictional
pressure drop data obtained in the present study were compared with two
commonly used two-phase frictional pressure drop correlations developed
for flows in straight tubes -- the homogeneous model and the Lockhart-
Martinelli model.

Figure 4.10 through 4.13 are plots of the total pressure drops across
the test section for air-water flows in the circular tube flow channel. The
data is compared with analytical predictions -- the homogeneous model and

the Lockhart-Martinelli model. In Figure 4.10 and 4.11 no correction has
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been made to the correlations for the curvature effect within the helical
coil. In other words, both the homogeneous model and Lockhart-Martinelli
model predictions apply to flow in straight channels. It is interesting to
observe that the same knee in the curve of the pressure drop vs. quality
curves occur in the predictions of the models. These abrupt changes in
slope in the model calculations are due to a transition in flow from laminar
to turbulent flow in the gas phase.

Figures 4.12 and 4.13 present the same data but in these cases the
data is compared with analytical curves based on the homogeneous and
Lockhart-Martinelli models which include corrections for coil curvature.
The corrections are based upon equations (4.16) through (4.18). As
expected from the behavior of single-phase flows, the pressure drops
corrected for coil curvature effects are higher than those for the
uncorrected, i.e. straight channel, predictions. These higher predicted
values produce even larger discrepancies with the measured values beyond
the knee in the curves. In general, for both the homogeneous and the
Lockhart-Martinelli (L-M) methods, (1) the transition to turbulent flow (in
the gas phase) occurs at a higher quality than predicted, and (2) the
magnitude of the predicted pressure drop, particularly beyond the laminar-
turbulent transition region are higher than those measured, using either
the homogeneous or the L-M methods.

In Figures 4.14 through 4.17 similar comparisons are made for the
two-phase flow of R-113. In Figures 4.14 and 4.15 the homogeneous and
Lockhart-Martinelli methods are plotted for flow in a circular cross-section
channel. In Figures 4.16 and 4.17 the same correlations are presented but

with the coil corrections indicated by equations (4.16) through (4.18). For
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these R-113 flows, the magnitudes of the predicted and measured pressure
drops are in better agreement.

Finally in figures 4.18 through 4.21 the same comparisons with
correlations are made for the two-phase flow of R-113 and the coil test
section of a rectangular cross-section flow channel. The predicted curves
of pressure drop are also in reasonable agreements with the measured
values in the sense that they are within comparable magnitude.

To broadly summarize the results presented in Figure 4.10 through
Figure 4.21, for the air-water test, the trend of the pressure drop data is
predicted by the analytical predictions. However, the quantitative
agreement is only fair. For the R-113 flow in the circular cross-section
channel both the qualitative and quantitative trends are predicted
reasonably. However, for R-113 flow through the rectangular cross-
section tube the quantitative agreement is poor, generally being lower than
the actual measured pressure drop. In brief the agreement of data with

predictive methods can be considered marginal.

4.4.3 Development of Empirical Correlations For Two-Phase Frictional

Pressure Drop in Helical Coil Vertical Up-Flow

The general flow pattern and pressure drop analysis in Section 4.4.1
suggests that in the developing-annular and slug flow regions the
difference between the gas velocity and liquid velocity is small, in which
case the use of a homogeneous method based model to predict pressure
drop could be considered reasonable.

As shown in Figure 4.8, the pressure drop data obtained for R-113

136




‘ 1
b H 4
- ’ 5 J O Qtot=0.1158-0.1184GPM,
09 : i L — Qtot=0.1175GPM, Cal. B
- _> : I S o Qtot=0.1470-0.1475GPM, Exp.
o8 b LTS
H a ]
C : & """ ‘?.::'&mm%u Exp.
3 : : ! :/ a -
07 ; b g -- Qtot= Gl
. j e v Qiot=02457-0.2464GPM, Exp.
-~ M % '{ // : - :
B L 4 _// E 4 // :
& s % T A— e
T Y
3 04 e S St— i
- 2 4 X H i
2 Mo o, /
%3 (R0 / |
i

] PR

01s
x (Quality)

Figure 4.18

Liquid/Vapor Vertical Up-Flow With Predictions of Homogeneous Model

Without Coil Correction.

137

Comparison of Measured Total Pressure Drops of R-113

( Channel Type: Rectangular, H / W = 1.0)




t : H H /" H /'I ; 7

F _ ; S o Quot=Q1LS8LUMOPM, Exp

09 : : i | — QOO
- ‘ ; VA o om-m47oo.147scml. Exp.
[ ; : [ --Qtot=0.147

08 ; = i Qm-alm-o.lmcm. Exp.
C : z S - Qotm0.1

&

<9
i

v 8

DP, o » (psi)
1~
N
<
\\
Y

15 0z o0z 03
x (Quality)

Figure 4.19 Comparison of Measured Total Pressure Drops of R-113
Liquid/Vapor Vertical Up-Flow With Predictions of Lockhart-Martinelli
Model Without Coil Correction. ( Channel Type: Rectangular, H / W

= 1.0)




o : ;’ S ; : ! l
s : I O Qux=0ISEOLIMOPM, Exp
09 e ot : . —th-o.llm
. : A /| o Qiot=0.1470-0.147SGPM, Exp.
[ ‘ i A 5 /| --Qtot=0.147SGPM, Cal
08 F - [ sl 0 QUUQITTEQITIIGPM, Exp
- f L I » Q= 0211802360GH, Eqp
0.7 : A A ’ - -Ollm QL
: oo N e v Qtot=02457-02464GPM, Exp.
: AR g .- Qtot=02460GPM, Cal.
=~ 05 e e
g Yy o o/
- 0s } ,"l I/ ‘. M /, ; :
- L 7 /I i \%/’ @
3 F g A
< 04 f B Oy e
% [ %/’ o E,/ @/
hicos %
03 Leg?dg—>
: ';// O // :
02 ffor s
e /
R
A A N DU DU U
0 0.05 a1 0.15 02 025 03

x (Quality)

Figure 4.20 Comparison of Measured Total Pressure Drops of R-113

Liquid/Vapor Vertical Up~-Flow With Predictions of Homogeneous Model
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are basically in the developing-annular and intermittent flow regions.
Thus, efforts were made to develop an empirical correlation using the
homogeneous method, to predict two-phase frictional pressure drop for
helical coil vertical upflow in the developing-annular and intermittent flow
regions. The pressure drop data obtained for R-113 in vertical up-flow in
helical coils for both circular and near square rectangular cross-section
flow channels were used to generate curves of friction factor as a function
of Reynolds number.

Equations (4.13) through (4.18) are repeated here for convenience in
the following discussion.

For single phase flow in straight tubes:

Re.i = 2100, (4.13)
f, = 16/Re, if Re < Re ., (4.14)
f, = 0.079 Re™®?®, if Re > Re_,,. (4.15)
For single phase flow in coiled tubes:

Re,.;, = 2100[1 + 12(d/D)*'®], [Srinivasan] (4.16)

f. = (16/Re)*{1+[0.090De'**/(70+De)l}, if Re < Re_.,,, [Hart]  (4.17)

f. = 0.079Re™%?% 4+ 0.0075(r/R,)'/?, if Re > Re_,,,, [Mishra]  (4.18)

For two-phase flow in a helical coil, the critical Reynolds number
should be expected to yield higher values than in straight tubes as has
been observed to occur in single phase flow due to secondary flow effects.

This effect appears to be reflected in the data analyzed herein for two-
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phase flow.

In Figures 4.22 and 4.23, the measured homogeneous two-phase flow
friction factors of R-113 in (1) the circular cross-section flow channel and
(2) the near square rectangular cross-section flow channel, were plotted
against the homogeneous Reynolds number of the two-phase mixture. The
change of slope in the friction factor vs. Reynolds number curve of either
plots implies a flow change from a laminar to turbulent condition.
Furthermore, the corresponding Reynolds number at which this change
occurs is in agreement with the value calculated from Equation (4.16),
except for replacing the constant 2100 by 2300 for the present data, i.e.

Re = 2300[1 + 12(d/D)°'%} (4.19)

crit, coil-tp

When the homogeneous two-phase flow is identified to be in the
turbulent flow regime, Equation (4.18), by Mishra for single phase
turbulent flow in a coiled tube, gives good agreement with R-113 two-phase
frictional pressure drop data for helical coil vertical upflow in a circular
tube if the coefficient for curvature is changed slightly from 0.0075 to
0.01:

£, = f, + 0.01(r/R)!? (4.20)

This correlation is applicable for Re > Re » and f_ = 0.079 Re %25,

crit, coil-t
It is shown as the dashed curve in Figure 4.22.
When the homogeneous two-phase flow is identified to be in the
laminar flow regime, Equation (4.17), by Hart, for single phase laminar flow
in a coiled tube, can not be similarly adopted to predict the R-113
pressure drop data for vertical upflow in a circular cross-section flow

channel because it yields a much smaller slope in the friction factor vs.

Reynolds number curve than for curve based on the measured values.
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Figure 4.22 Comparison of Measured Friction Factors Based on
Homogeneous Model With Predictions From Empirical Correlations, Equations

(4.19) to (4.24b). (R-113 Liquid/Vapor, Circular Helical Coil Channel)
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Figure 4.23 Comparison of Measured Friction Factors Based on
Homogeneous Model With Predictions From Empirical Correlations, Equations
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Instead, for the laminar flow case it is proposed here that the
friction factor for the coil geometry to be the friction factor for a straight
channel flow times a constant C divided by the Dean number raised to the
nth power(accounting for the coil curvature effect) as bellows:

f, = £, (C/De™) (4.21)

This equation is applicable for Re < Re coil-tp’ and f_, = 16/Re. For

crit,
the R-113 frictional pressure drop data for vertical upflow in a circular
cross-section flow channel, the values of C and n were determined
experimentally as 230 and 0.4, respectively. It is plotted as a solid curve
in Figure 2.22.

For vertical upflow in a rectangular cross-section flow channel, the
above correlations developed for circular cross-section flow channel
(equations (4.20) and (4.21)) can also be found to give good predictions for
the measured R-113 frictional pressure drop data in the near-square cross-
section flow channel(near square), provided the friction factors f, for
straight flow channels given by equations (4.20) and (4.21) are modified
to take into account the flow channel cross—-sectional geometry factor in the
form of:

f, = C,/Re® (4.22)
The coefficients in Equation (4.22) were obtained by analyzing experimental
data and the model predictions; The best values of these coefficients were
determined to be: C, = 22 and m = 1 for laminar flow, and C, = 0.13 and
m = .025 for turbulent flow (analogous to Blasius equation with the
geometry factor C,). The predictions of Equation (4.22) are plotted in

Figure 4.23, where the solid curve applies to laminar flow, while the

dashed curve applies to turbulent flow.
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The correlations developed herein, to predict the two-phase frictional
pressure drop for vertical up-flow in helical coils for both circular and

rectangular cross-section flow channels are summarized as follows:

Re..;y = 2300 [1 + 12 (d,/D_)"% ] (4.19)
For Re < Re .,
f, = f, (230/De”*) (4.23)
where f_ = 16/Re, in circular flow channel (4.23a)
f, = 22/Re, in rectangular flow channel (4.23b)
For Re > Re_ 4
£, = £, + 0.01 (r/R)}? (4.24)
where f_ = 0.079 Re™%%%, in circular flow channel (4.24a)

£, = 0.13 Re™*'?, in rectangular flow channel (4.24b)
In the case of rectangular cross-section flow channels, the hydraulic
diameter d, should be used in place of d; in the above equations.

In figures 4.24 and 4.25, plots are made of the same experimental
data, together with curves from different predictions, for comparison
purpose. The dotted curves in the figures are predictions made by
equations (4.13) through (4.15) for single-phase flow in straight flow
channels, which have been modified by assuming a homogeneous two-phase
flow in the straight channel. It is apparent that they considerably
under-predict the measured values of two-phase flow in coiled tubes. The
dashed curves in figures 4.24 and 4.25 are predictions of equations (4.16)
through (4.18) by Hart et [26] and Mishra [37], which have been modified
by assuming a homogeneous two-phase flow to occur in the system. It
should be noted that these predictions of pressure drop in coil geometries

are based upon equations valid only for single phase flow. In general,
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Figure 4.24 Comparison of Measured Friction Factors Based on
Homogeneous Model With Predictions From Various Empirical Correlations.
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Figure 4.25 Comparison of Measured Friction Factors Based on

Homogeneous Model With Predictions From Various Empirical Correlations.
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they all under-predict the measured pressure drop values of two-phase
flow in coil geometries. However, for the circular tube geometry the
modified Mishra predictions for friction factor agree reasonably well with
the data in the turbulent range. For laminar flow, however, there is a
considerable difference between the modified Hart et al predictions and the
data obtained. For flow in a near square cross-section channel the Hart-
Mishra modified predictions result in even larger differences with the
experimental data in either the turbulent or laminar flow regimes.

In summary, two-phase vertical upflow appears to be characterized
by a higher critical Reynolds number, which may be attributable to
secondary flow effects in the coil geometry. This critical Reynolds number
can be calculated by using the equation proposed herein, Equation (4.19),
for flow conditions similar to those of the present study. The two-phase
friction factor is higher than that of single phase vertical upflow in helical
coils in both laminar and turbulent flow regimes; These friction factors can
be calculated from Equations (4.23) and (4.24) if the flow conditions are
similar to those of the present study. Finally, for the same vertical upflow
conditions in helical coils, the friction factor in the near square cross-
section channel geometry is higher than that in the circular cross-section
channel geometry, especially in the turbulent regime. This comparison is
depicted in Figure 4.26.

It should be mentioned that because of the large discrepancies
between the measured values of air-water pressure drop data and the
predicted values of pressure drop by the homogeneous and Lockhart-
Martinelli models (as shown in preceding Section 4.4.2), the air-water

pressure drop data was not used in the development of the above modified
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correlations for predicting frictional pressure drop in helical coil vertical
up-flow.  Further confirmation of the applicability of these modified
correlations to air-water two-phase flow in helical coil vertical up-flow is

left for future investigation.

4.5 Summary

The measured single phase (liquid) frictional pressure drop data for
vertical upflow of water and R-113 in helical coils in a circular flow
channel agreed well with the existing correlations by Hart et al
(26,28,37,49]. Good agreement for R-113 liquid data in a near square flow
channel was also shown by these correlations provided the hydraulic
diameter is used in place of channel diameter. Through the use of these
three test data sets the critical Reynolds number was shown to be higher
in coiled tubes than in straight tubes. Higher frictional pressure drops
were measured for water, as compared to R-113 liquid in the same circular
tube. For the R-113 liquid, the frictional pressure drop in a near square
tube is about the same as that in a circular tube if the tube diameter is
the same as the hydraulic diameter of the near-square tube.

For two-phase vertical upflow of air-water and R-113 in helical coils,
the frictional pressure drop characteristics were found to be related to
different flow patterns and their characteristics (see figures 4.7 and 4.8).
It was observed that the transition from slug flow to developing-annular

flow does not affect the slope of pressure drop vs. quality curve, whereas

151




the slope does change during the transition from developing-annular to
developed-annular flow. If the liquid flow rate is kept constant and the
gas flow rate is increased gradually, the transition from slug to annular
flow occurs at lower quality values for higher liquid flow rates. The slug-
annular transition occurs at higher quality values in the near-square
cross-section flow channel than in the circular flow channel for the same
flow rates.

Three sets of experimental pressure drop data —-- air-water and R-
113 in a circular cross-section flow channel and R-113 in a near square
rectangular channel -- in a helical coil vertical up-flow configuration were
compared. The comparison was made using the two-phase homogeneous and
Lockhart-Martinelli models, using friction factors based upon single phase
flow in straight and coiled channels proposed by Mishra [37] and Hart [26].
In general, these models were found to be unable to predict the pressure
drop for flows in wavy-annular and developed-annular flow pattern
regions, perhaps due to the high interfacial frictional losses and high slip
velocity in the two~phase flow. For flow in slug and developing-annular
flow pattern regions, quantitative predictions of two sets of R-113
experimental data by the analytical methods are predicted reasonably well.
However, for air-water pressure drop data, the agreement is poor. In
brief, these analyt;ical methods appear to be able to give only approximate
predictions of frictional pressure drop in the slug and developing-annular
flow regions in helical coil vertical up-flow conditions.

Empirical correlations of critical Reynolds number and two-phase
frictional pressure drop were developed in the present study for R-113

liquid/vapor two-phase in helical coil vertical up-flow for both circular
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cross-section and near square cross-section flow channels. The friction
factor values in the near square cross-section flow channel are higher
than those in the circular cross-section channel for helical coil vertical up-
flow. Confirmation of the applicability of these developed empirical
correlations to air-water two-phase flow in such geometry is left for future

investigation.
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CHAPTER 5 SUMMARY AND CONCLUSIONS

Experimental Results

A total of 609 experimental data points of two-phase pressure drop
and flow pattern identifications were obtained for the following 15 flow and
geometry conditions:

(1) helical coil vertical-up flow
(a) in circular tube for air-water and R-113 mixtures, respectively
(b) in rectangular tubes (three aspect ratios) for air-water and R-113
mixtures, respectively
(2) helical coil horizontal flow
(a) in circular tube for air-water
(b) in rectangular tubes (three aspect ratios) for air-water
(3) helical coil vertical-downward flow in a circular tube for air-water
(4) spiral coil of circular cross-section for air-water and R-113 mixtures,
respectively
The experimental data obtained for both air-water and R-113

liquid/vapor mixtures in rectangular cross—section channels for the vertical

upflow orientation is believed to be first available in the published
literature. Also, for flow in the circular cross-section coils, the

experimental data of obtained for R-113 liquid/vapor mixtures for the

horizontal orientation and vertical downward flow direction were the first

available in the literature to the writer’s knowledge.
Five sets of data were obtained herein as a basis the study of flow
patterns. Three sets of data were obtained as a basis for the study of

pressure drops. The analysis of the remainder of the data obtained is left
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for future investigations because of the limited time for the present thesis

study.

The following sets of test data were studied for the flow pattern

analysis:

are:

(1) air-water helical coil vertical up-flow in a circular cross-section
flow channel

(2) R-113 liquid/vapor helical vertical up-flow in a circular cross-
section flow channel

(3) R-113 liquid/vapor helical vertical up-flow in a near square
cross—section flow channel

(4) air-water spiral coil horizontal outward flow in a circular cross-
section flow channel

(6) R-113 liquid/vapor spiral coil horizontal outward flow in a
circular cross-section flow channel

The pressure drop of three sets of test data were studied, which

(1) air-water helical coil vertical up-flow in a circular cross-section
flow channel

(2) R-113 liquid/vapor helical vertical up-flow in a circular cross-
section flow channel

(3) R-113 liquid/vapor helical vertical up-flow in a near square
cross-section flow channel

The flow patterns observed in helical coil vertical up-flow and spiral

coil horizontal outward flow were found to be similar to those in horizontal

straight flow channel, except for the absence of the stratified flow pattern,

believed due to the small pitch (inclination angle of helical coil), the coiled
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tube curvature, and the relatively small flow channel diameter. The
observed flow patterns are BUBBLE, PLUG, SLUG, and ANNULAR (which is
further delineated into DEVELOPING-ANNULAR, WAVY-ANNULAR and
DEVELOPED-ANNULAR flow patterns). A special phenomenon, a backward
motion of the liquid film at the channel bottom, between slug surges, was
observed for helical coil vertical up-flow at some low gas and liquid flow
rates. This is due to the flow channel inclination and has also been
observed by other investigators [46].

The transition of greatest interest here was the slug-annular
transition. This transition occurs when periodic liquid slugs break away
from touching the upper part of the flow channel, allowing a continuous
gas passage throughout the flow channel, while a liquid film is maintained
along the entire flow channel periphery.

The flow patterns observed for the five test conditions are compared
with four existing flow maps, i.e., the modified Baker flow map, the Taitel
& Dukler map, the Choe et al map, and the Uddin map. None of these maps
were able to adequately predict both the helical coil and spiral coil test
data. However, the Choe map gives the closest prediction for the
transition to annular flow if the separated flow pattern in the map is
replaced by the intermittent flow pattern.

An empirical correlation of the slug-annular flow pattern transition
for circular cross-section helical coil vertical up-flow was developed based
upon both the air-water and R-113 liquid/vapor test data which takes into
account the effects of coil curvature and fluid properties.

For the spiral coil, in which the coil diameter varies along the flow

channel, the slug-annular transition was designated by a band, accounting
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for the largest and smallest curvature ratios existing within the spiral coil.
The correlations for predicting the upper and lower slug-annular transition
lines for outward flow are generated by substituting the largest coil
diameter and smallest coil diameter into the empirical correlation of the
slug-annular transition for helical coil vertical up-flow. Good agreement
is obtained for both the air-water and R-113 test data.

Using a shape factor correction, an empirical correlation of the slug-
annular transition in rectangular cross-section flow channels for helical
vertical up-flow was developed. Further study is recommended to confirm
this empirical correlation using data from rectangular flow channels over
a range of aspect ratios.

The experimental results observed herein for both helical coil and
spiral coil, indicate that the coil curvature, fluid properties, and flow
channel cross-section geometry have an influence upon the slug-annular
transition. Helical coils or spiral coils with a large coil curvature
experience an earlier slug-annular transition(i.e. at lower quality). For
flow in a near square cross-section flow channel the slug-annular
transition occurs at lower quality(lower gas flow rate) than that in a
circular cross-section flow channel for the same liquid flow rate. Also, this
transition occurs at lower gas flow rates for R-113 liquid/vapor that for
air-water, at a certain liquid flow rate. Among these effects, the
properties effect ‘is the most dominant one. Somewhat surprisingly, the
curvature effect on the slug-annular transition was not as significant as
that of the effect of fluid properties for the range of coil curvatures

in this study.
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Frictional pressure drop data were obtained for vertical up-flow of
water in the circular tube coil and R-113 (liquid) in circular and square
tubes. The data agreed well with the existing critical Reynolds number
and friction factor correlations developed by Srinivasan [49], Hart et al
[26], and Mishra et al [37], for single phase flow inside coils. Also, by
using the hydraulic diameter the frictional pressure drop test data agreed
well with the above correlations which were developed for circular tubes.

For two-phase air-water and R-113 liquid/vapor vertical up-flow in
helical coils, curves for pressure drop vs. quality were obtained for both
the circular and near-square channels. The experimental results indicate
that the pressure drop along a helical coil is directly affected by the flow
patterns within, indicating the importance of being able to predict the flow
pattern in calculating two-phase pressure drop. It was evident from the
present study that when the pressure gradient exhibits dramatic changes,
it should imply that a flow pattern change is probably occurring in the
system.

Following are the observations made from the experimental results:

+ Pressure drop increases in helical coil vertical up-flow with the

increasing of total flow rate or liquid flow rate.

+ At the slug-annular transition the pressure drop does not show

any special characteristic changes in the pressure drop vs. quality

curve. However, when the flow pattern changes from a developing-
annular flow to a developed-annular (or wavy-annular) flow, the
pressure gradient increases sharply.

« The slug-annular transition occurs at a lower quality for a higher

total flow rate or ligquid flow rate.
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+ For the same flow rate condition, the slug-annular transition
occurs at higher quality in the near-square cross-section flow
channel than that in a circular cross-section flow channel, based
upon the flow pattern observations.

The measured pressure drop results of the three sets of test
conditions were compared with the homogeneous method and Lockhart-
Martinelli method using the friction factors developed for straight channels
and for single phase flow in coiled tubes, respectively. All of them only
approximately predict pressure drops in the slug and developing-annular
flow pattern regions, which is similar to results obtained by earlier
investigators [1,8,42,32]. For flows in wavy-annular and developed-annular
flow pattern regions, these methods gives much higher predicted pressure
drop values than the values measured for air-water test data. This
discrepancy implies a high slip ratio existing in such flow patterns so that
the homogeneous and Lockhart-Martinelli methods are no longer applicable
in these flow regions.

The experimental results indicate that the measured two-phase
friction factor in helical coil vertical up-flow is higher than that calculated
from expressions for single phase friction factor for coiled tubes, modified
to account for a homogeneous two-phase flow. Also, the two-phase friction
factor in a near-square cross-section flow channel is higher than in a
circular cross-section flow channel. This is not the case in single phase
flow, where the pressure drops in both circular and near square flow
channels were observed to be about the same. This suggests that in a
rectangular flow channel secondary flow effects in a two-phase flow cause

a more appreciable frictional pressure drop loss than in single phase flow.
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Empirical correlations were developed to calculate the critical
Reynolds number and friction factors for R-113 liquid/vapor helical coil
vertical up-flow for both a circular flow channel and a near-square flow
channel, using a homogeneous two-phase fluid model. Efforts to similarly

correlate the air-water test data were not successful, however.
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APPENDIX A

UNCERTAINTY ANALYSIS

The uncertainties in calculated quantities based upon experimentally

measured variables may be estimated by the following method of Fei [23],

given by:
1
2 2 2 -
ek = [ (elig.) + (eziR_) PR + (el-gTR) ]2 (A-1)
axl ax2 .}
where e, is the uncertainty in the result and €1y €5 .y €  are

uncertainties in the independent variables.

1. AIR-WATER TESTS

Uncertainty in Liquid Volumetric Flow Rate

The volumetric flow rate was calculated from the expression:

Q =Cy+ C, %t (A-2)

Q; = Liquid volumetric flow rate (GPM)
f = Output frequency of the flowmeter pickup (HZ)

Cy = Flowmeter calibration curve fitting constant, Cy = 9.23484x107% (GPM)
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C, = Flowmeter calibration curve fitting constant, C, = 1.52920x10°4

(GPM/HZ)

The major contributions to the uncertainty of the liquid volumetric
flow rate measurement are: (1) the calibration curve fitting uncertainty, for
which the standard deviation, Og.,00 18 2.467x10™% GPM; (2) the flowmeter
frequency pickup reading uncertainty, with a standard deviation, Ogy €qual
to 3.333 HZ, which results in a transferred uncertainty in the volumetric
flow rate, denoted by the standard deviation, Oy, ¢» through equation (A-2)

y which may be calculated by:

Og¢ = C; * 0, = 5.097x10™* (GPM) (A-3)

The combined uncertainty for the liquid volumetric flow rate
measurement can be represented by a standard deviation, Oq» Which may

be calculated by:
o = (0q.9° + 0g (1% = 2.519%x107° (GPM) (A-4)
For the present study, the liquid volumetric flow rate test range is
from 0.040 to 0.2_54 GPM. Therefore, for this range of flow rates, the

relative uncertainty on a percentage basis, 0¢/Q;y has minimum, average,

and maximum values equal to 0.984%, 2.18%, and 6.24%, respectively.
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Uncertainty in Test Section Inlet Quality

The inlet quality is calculated from the expression:

x= W, / (W, + p,Q) (A-5)

where x = Test section inlet quality
Wg = Air mass flow rate (lb,/sec)
Q, = Water volumetric flow rate (fta/sec).

Applying equation (A-1) to (A-5),

e, PR (‘w,)z . (Z)z . (:g)z (A-6)

x
x Wg + plQl Wg P, Ql

Sample calculation values and the resulting uncertainty in the inlet quality

are as follows:

= 62.31 n
pl = . _ﬁ? ep‘ = 0.5%
Q, = 1.575x10™* ’s% ¢, = 10.69%
b
W, = 2.869x10" —= ey = 20%
4 sec 1
x = 0.226 e = 842%
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Uncertainty in Measured Total Frictional Pressure Drop Between Differential

Pressure Drop Transducer Taps

The total frictional pressure drop is given by:
AP, ., = AP, + (p;_.0 - Pyp)(8/8.)AZ (A-T)

where AP, = Measured total frictional pressure drop between differential
pressure drop transducer taps, including the coiled tubing length
of the test section and the inlet and exit straight tubing lengths
connected to the test section (lbf/ftz)
APtr = Direct output reading of the differential pressure drop
transducer (lbt./ftz) ‘
P, = Density of liquid inside the measuring lines of the differential
pressure drop transducer at room temperature (lb_/fta)
Prp = Density of two-phase mixture inside coiled test section (lbn/fta)
g = Gravitational acceleration (=32.2 ft/sec?)
g. = Gravitational conversion factor (=32.2 (lb_—ft)/(lbf—secz))
Az = Elevation between AP transducer taps (ft)

Applying equation (A-1) to (A-T7),

w,. = (Eade, § o Eage, )
[ [ l (A_g)
2 4
€sr)? + [P - p,,)gil (e, )11

The density of two-phase mixture, Prpr can be obtained by the
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following equation, assuming the two-phase flow is homogeneous:

_l_ _x (1-x)

— e

(A-9)
Prr Py Py

where x = Quality inside test section
p, = Liquid density (lb_/ft%)
P, = Gas density (lbn/fta)

The uncertainty in Prp» denoted by €, 1p* consists of two sources as

indicated in the following equation:

€p,1p = [(ep,l‘!’,v)z + (ep,TP,nodel)z]uz (A-10)

The first term in the brackets, €y, 1e,v! is the uncertainty transferred

through equation (A-9) from the uncertainties of each independent variable,
and can be determined by applying equation (A-1) to equation (A-9):

epm' - 1

e, ? ‘o,z e 2 %
—£) + - —) + - =
P | T, + (B, [ o X u‘) [ x)u,]’(ol) [o,-v P ]

3
where v = gas specific volume, (%)

(A-11)
3
v, = liguid specific volume, (-'l%)

The second term in the bracket, €5, 1P, model is the uncertainty in
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calculating the two-phase mixture density, Prps by using equation (A-9).

Two values, €5, 1P, model = 1% and 90%, are selected in the following sample

calculation.

Sample calculation values and the resulting uncertainty in the total

measured frictional pressure drop are as follows:

- a2 ]
v, = 13.42 . e, = 10%
v, = 001605 £~ ), = 05%
»n
X = 0226 ex = 8-42%
b
Prom = 6226 — e, =05%
Az = 0551 ft e,, = 3.0%
Ib
AP, = 11.66 fT’f ep = 48%
328 L=
prp-O-zs—ﬁ? ep”v=844%
@) €, TP modet = 1.0% e, = 350%
Ib
AP, = 4579 1 ep, = 2.58%
ﬁz ]
®) €, 1pmodet = 90.0% e, r = 90.4%
b
AP, = 4579 ;zf e, = 260%
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2. R-113 LIQUID/VAPOR TESTS

Uncertainty in Total Mass Flow Rate of R-113 Two-Phase Mixture Through

the Test Section

The total mass flow rate of R-113 two-phase mixture through the test

section is obtained from:

Wtot = Pia * Ql-m (A-12)

where Wi ot = Total mass flow rate through the test section (lb,/sec)
Q;.p = Volumetric flow rate measured by the flow meter in the liquid
line before stainless steel heater (ft3/sec)
P1.n = Density of R-113 liquid passing through the flow meter
(b /tt?)

Applying (A-1) to (A-12),

ey e e
—= = |( "’*)2 + ( Q'--)’-‘ (A-13)
W Py, Qr.m

Sample calculation values and the resulting uncertainty in the total mass
flow rate of R-113 two-phase mixture through the test section are as

follows:
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b

n -
Prn = 9712 3 e, = 10%
3
Q.. = 390x10 £ ¢q.. = 428%
sec -m
L b,
WM‘ = 3.817x10 2 ; ew-‘ = 4.40%

Uncertainty in the Power Input To the Stainless Steel Heater

The power input is obtained from the equation:

Power = V x I (A-14)

where Power = Power input to stainless steel heater (Watts)
I = Current (amps)

V = Voltage drop across the heater (volts)

The uncertainty in power is given by:

e e e
e - LIy 4 (Y2 (A-15)
Power \I(I)2 (V)

Sample calculation values and the resulting uncertainty in the power input

are as follows:

I = 525.0 (amps) e; = 1.59%
V = 1.578 (volts) ey = 1.0%
Power = 828.4 (Watts) €pover = 1:88%




Uncertainty in the Heat Losses to Room From the Stainless Steel Heater

Through Fiberglass Insulation

This loss is calculated from the expression:

2x K
Qb-_ﬂ:l

| =—— x AT (A-16)
| ln(ro /r)

where Q.. = Rate of heat loss to room (Watts)
K = Thermal conductivity of fiberglass insulation (Watts/m°C)

1 = Length of insulation (m)

r, = Outside radius of fiberglass insulation (m)
r;, = Inside radius of fiberglass insulation (m)
AT = Temperature difference between the inside and outside of

insulation (°C)

The uncertainty in the calculated heat loss is given by:

2 2 2 e 2 e 2

b NLSPUN L AL TN SR
Qe = I K ) +( { ) (AT) (roln(rJr)) (r}n(rJr)) ]

Sample calculation values and the resulting uncertainty in the heat loss are

| as follows:

K = 0.034 ( Watts/(m°C) ) ex = 3%

1=3(m) e, = 1%




r; = 0.012 (m) e, = 1%
r, = 0.040 (m) e, = 1%
AT = 60 (°C) eyr = 6%
Qross = 31.9 (Watts) €oLoss = 0-88%

Uncertainty in the Inlet Quality to the Coil Test Section

The inlet quality is calculated as follows:

P -
x = ower - Quos _ (h, - hﬁ)]-l— (A-18)
pl—mol-m hf'o

where x = Test section inlet quality
Power = Power to stainless steel heater (Watts)

Qross = Heat losses to room (Watts)

P,-a = Liquid density of R-113 passing through flow meter (kg/ma)

Q)_y = Volumetric flow rate of liquid R-113 before heater (m3/sec)

hg, = Liquid enthalpy of R-113 at outlet of heater (J/kg)
hg; = Liquid enthalpy of R-113 at inlet of heater (J/kg)

hge, = Latent heat of vaporization at outlet of heater (J/kg)

The uncertainty in quality is given by:
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e, = [(——

Power - Qu._

SR —_————e, )
Pi-nQlaltpeo Pr-nQi-nlto e

Power 2

Pz-.zoz-uhjgo

ey v Le) s q
—e ) +(—e, ) +
R ke [ b

P l-mQI-mzhfgo

Power - Q..

1 2

+

te--) *

1

e, 25
"'fo*"ﬁ)h_f)]

P l-nQI-m oo

Sample calculation values and the resulting uncertainty in the quality are

as follows:
Power = 828.4 (Watts)

Qross = 31.9 (Watts)

Q. = 1.113x107% (m3/sec)
Pi.. = 1556 (kg/m?)

hy; = 5.944x10* (J/kg)
hg, = 9.205%x10* (J/kg)

hego = 14.12x10* (J/kg)

x = 0.09476

€power = 1.88%
€qLoss = 6.88%
€q1-a = 4.28%
€ 1-m = 1.0%
ep g; = 1.0%
ep g0 = 1.0%

eh,fg0 = 1.0%

e, = 17.1%

Uncertainty in Measured Total Frictional Pressure Drop Between Pressure

Transducer Taps

The same method used previously to calculate the uncertainty of APf_

o Of the air-water test data can be used here to calculate the uncertainty

of APf__ of the R-113 liquid/vapor test data. The following results are

179




presented for a sample data calculation. Similarly, the unknown method-
determined portion of the uncertainty of the two-phase mixture

density(ep’ﬂ,), denoted by €, 1P, model? is set to be 1% and 90% for the

sample calculation, respectively.

Sample calculation values and the resulting uncertainty in the frictional

pressure drop are as follows:

- 1355 £ ]
v, = 1.355 b, e, = 1.0%
v, = 0.01089 z% e, = 10%
x = 0.0948 e, = 171%
Ib
Prm = 9177 1—?-’! e, = 10%
Az = 0525 ft e,, = 3.0%
b
AP, = 3863 €,p = 48%
)iz
723 La
Prp = F Gp"'y = 15.8%
@) €, 10 mode = 1.0% e, = 158%
| Ib
AP, = 86.16 L e = 5.16%
# -
()] €, Pmodet = 90.0% &1 = 91.4%
b
AP, , = 86.16 -ﬁ_-{ esr,, = 6:51%
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