CHAPTER IV
VERTICAL TWO-PHASE FLOW REGIMES AND PRESSURE
GRADIENTS: EFFECT OF VISCOSITY

4.1 ABSTRACT

The effect of liquid viscosity on the flow regimes and the corresponding
pressure gradients along the vertical flow was investigated. Experiment was carried
out in a vertical transparent tube of 0.019 m in diameter and 3 m in length and the
pressure gradients were measured by the pressure taps connected to a U-tube
manometer. Water and a 50 vol% glycerol solution were used as the working fluids
whose kinematic viscosities were 0.85x10'6and 4.0x10'6m2s, respectively. In our
air-liquid annular two-phase flow, the liquid film of various thicknesses flowed
adjacent to the wall and the gas phase flowed at the center of the tube. The
superficial air velocitys.ir, was varied between 0.0021 and 58.7 m/s and the
superficial liquid velocity,ylioud was varied between 0 and 0.1053 m/s. Inthe bubble,
the slug md the slug-chum flow regimes, as the Reynolds number of air increased
the pressure gradients decreased. But in the annular and the mist flow regimes,
pressure gradients increased with increasing Reynolds number.. Finally, the
experimentally measured pressure gradient values were compared with the
theoretical values and they were in good agreement.
(Key-words: vertical upward flow, liquid viscosity, pressure gradient, superficial gas

/water velocity and Reynolds number)
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4.2 INTRODUCTION
Heat, mass and momentum transfer characteristics of two-phase flow

depend strongly on its flow pattern. For the upward co-current two-phase flow, we
can divide it into five flow regimes [1]: (1) bubble flow; (2) slug flow; (3) chum
flow; (4) annular flow; and (5) mist flow. These regimes are important because of
their influence on heat and mass transfer phenomena. This paper shall report an
investigation of the flow patterns, the regimes, and the corresponding pressure
gradients from the bubble flow to the annular mist flow.

Bubble flow is characterized by bubbles, which are small compared to the
tube diameter. These bubbles are dispersed more or less randomly in the liquid
continuum within the tube [2]. The bubble-to-slug transition is due to the collision
between small bubbles, with a fraction of these collisions resulting in coalescence
ultimately leading to bubbles which are of similar diameter to the pipe and hence to
slug flow [3], A bubble flow is only a transient flow regime, which, given a
sufficiently long residence time in pipe, it will develop into a slug flow [3]. When a
liquid flow is at a low rate, a highly disturbed flow with oscillatory nature can | e
formed corresponding to the intermediate regime between the annular and the slug
flow regimes [4], Thr distinctive flow pattern is called as a chum flow and the
pressure gradient as well as the liquid holdup fluctuate violently [4],

The annular-mist flow regime is widely encountered in the flow of gas-
liquid mixtures at high gas rates and gas-liquid ratios [5], The annular flow regime in
a gas-liquid system is characterized by an upward moving, continuous, Smooth to
wavy film of liquid on the tube wall and much more rapidly moving at the central
core gas, containing entrained droplets of liquid in a concentration which may vary
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from a low to a high concentration. The liquid film may be wholly in a laminar
motion or it may be a laminar state only nearest the wall, and a turbulent state nearest
the gas-liquid interface [5], Annular flow is the most predominant flow pattern found
in evaporators, natural gas pipelines, and steam heating systems [6]. With the further
increase in the gas flow rate, the liquid film becomes progressively thinner while the
number of the droplets in the core flow increases. Finally, the film will be removed
from the wall and a pure mist flow occurs [6].

The objectives of this paper are to investigate the effect of liquid viscosity
on the flow patterns, the flow regimes and the corresponding pressure gradients in
each flow regime. The pressure gradient data from the experiment are compared with

those predicted from the theory proposed in the literature,

4.3 EXPERIMENTAL APPARATUS

The scheme of the experimental setup is shown in figure 1 Air and two
different liquids, i.e., water and aqueous glycerol solution with different liquid
viscosities, were used as the testing fluids Their properties are tabulated in table 1
The main components of the system consisted of a vertical test section, an air supply,
an aqueous glycerol solution supply tank and instrumentation. The test section, with
an inside diameter of 0.019 m and the length of 3 m was made of a transparent
acrylic glass to permit visual observation of the flow patterns. The hydrodynamics of
the two-phase flow from the bubble to the annular and the mist flows were studied in
the main column. Compressed air from the compressor [Taiwan, Fu Sheng HTA-
100] with constant 1 bar entered at the bottom of the main column and flow rates

were measured by a calibrated air-rotameter [Cole-Parmer, U.S.A, A-32466-68].



Water or aqueous glycerol solution was pumped from the storage tank through the
liquid-rotameter and mixed with air at the bottom of the main column. The flow rates
of water or aqueous glycerol solution were also measured by a liquid-rotameter
[Cole-Parmer, .S.A, A-32461-42]. The liquid from the main column flowed upward
together with air and then flowed back into the storage tank. Two static pressure tabs
were installed at two axially locations with the spacing of 0.4 m and connected with
a custom made manometer which was used to measure the pressure drops along the
test section.

The experimental conditions were as follows: superficial air velocity
fair. 0.0021-58.7 m/s, superficial water velocity Mt 0.0131-0.0703 m/s, and
superficial aqueous glycerol solution velocity /solution: 0.0121- 0.1053 m/s,
respectively. The pressure at the exit of the tube was about 100 kPa and air and liquid
temperatures varied between 31~32°c. The aqueous glycerol solution’s viscosity
was measured before and after the experiments and it was found to be nearly the
same to within few percents. Before taking any data from the experiment, the system
wa- allowed to be in a steady state condition. The pressure drops across the test
section were detected at different flow rates of air and liquid. The flow regimes were
observed and identified by visual observation, still photographs [Nikon, Japan, D
100] and a video camera [Sony, Japan, 700xDigital].

44 RESULTS AND DISCUSSION
4.4.1 Visual observations oftheflow by stillphotographs

Figure 2 shows the still photographs of the different flow regimes from
the two-phase flow experiment. When the superficial liquid velocity,niquie, and



the superficial air velocity, jairwere low, bubble flow can be seen as shown in
figure 2 (a). The flow pattern basically changed from bubble flow to mist
flow with increasingyGat a fixed; t value. As the superficial air velocity, yair, was
increased, the flow regime changed to slug, chum, annular, and mist flow regimes
respectively. Figures 2 (a) to 2 (e) show various flow regimes for air-water
mixture and figures 2 (f) to 2 (j) show the corresponding flow regimes for air-50

vol% glycerol solution mixture.

4.4.2 Flowpattern mapsforpure waterand 50 vol% glycerol solution

Figure 3 (a) shows the flow pattern regimes of air-water and air-50 vol%
glycerol mixture, respectively for our two-phase vertical flows. Thin solid lines
represent the critical Reynolds number of air, (R eaicriticai for each flow regime and
identify the boundaries of the flow patterns observed. All the boundaries between
bubble-slug, slug, slug-chum, chum, annular, and mist regimes were identified by
direct visual observation of the flow patterns as well as by observations through the
digital camera and the video. Figure 3 (b) shows the flow pattern regimes for the air-
50 vol% glycerol solution in two-phase flow. The viscosity of the liquid affected the
boundaries of the flow patterns in the bubble, the bubble-slug, and the slug flow
regimes. In these flow regimes, the Reynolds numbers of air for each regime,
(R eaireriii-ai Were lower than 2000 and the flow was presumably laminar. [Wilkes,
1999]. The boundaries of the bubble flow , the bubble-slug, and the slug flow
regimes shifted to the right relative to those of figure 3(a) because of the increase in

viscosity at about same Reynolds number of each liquid R ewater = 0, Resolution= 0;
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RCneter —293, Resolution- 307] Revater —427, Resolution- 435j and Rewatar—560,
Resolution —500.

Therefore, the critical Reynolds number of air, (Rearoriticai or the boundaries
of the flow pattern lines moved right in the bubble, the bubble-slug transition, and
the slug flow regimes due to the difference in viscosity even under the same Reairand
Reiiouid conditions. When we increased the liquid viscosity from 0.85224 x 10'6m2s
t0 4.0 x 10'6m2s, the bubbles forming in the bubble flow regime were lesser in
number at low Rearbecause of the viscosity effect. Therefore, the bubble collisions
between small bubbles resulting in coalescence were also less and the gradual
coalescence process leading to the bubble-slug transition was more extended than
that of pure water. In summary, the boundary lines of those flow regimes moved to
the right in comparison with those of the air-pure water system. For the chum, the
annular, and the mist flow regimes, air Reynolds numbers, Rearwere high and the
flow is highly turbulent, and the viscosity effect on the boundaries was less.
Therefore, in these flow regimes, the effect of viscosity was not pronounced and the

boundaries remained mostly the same.

4.4.3 Pressure gradientsfor pure water and 50 vol% glycerol solution

Figure 4 shows the variation of the measured pressure gradients, (-dp/dz)exp,
with air Reynolds numbers, Regr. In figures 4 (a) to 4 (), we compare the pressure
gradients of the pure water and 50 vol% glycerol solutions at the same liquid
Reynolds numbers. The pressure gradients decreased steadily with increasing Reair
from the bubble to the slug-chum flows for both the pure water and aqueous
glycerol solutions. But in the chum flow, the pressure gradients increased slightly



36

and decreased again. Finally, we enter the annular flow regime where the pressure
gradients, (-dp/dz)exp, increased with increasing air Reynolds numbers. At the same
liquid Reynolds numbers, the pressure gradients, (-dp/dz)exp, of the higher viscosity
aqueous glycerol solution were always higher than the pressure gradients, (-dp/dz)exp,
of the pure water.

In figure 4 (a), the flow rates for the pure water and agueous glycerol
solution were zero; therefore we could only obtain data up to the slug flow regime.
From figures 4 (b) to 4 (), we present the measured pressure gradients from the
bubble to the mist flow regimes. Fluctuations in the pressure gradients, (-dp/dz)exp,
occurred in the bubble to the chum flow regimes but they were more stable in the
bubble, the annular and the mist flow regimes. Fluctuations of pressure gradients,
(~clp/dz)exp, were less in the aqueous glycerol solution than those in the pure water.
This was probably the effect of viscosity on the pressure gradients in our system. At
low water Reynolds numbers, the pressure gradients were more stable in the bubble
and the bubble-slug transition flow regimes. When we increased the Reynolds
number of water apparently then fluctuations started to occur in the bubble and the
bubble-slug transition flow regimes. But in the aqueous glycerol solution, increasing
the liquid Reynolds numbers did not affect significantly the pressure gradient
fluctuations in all regimes. The highest fluctuations occurred in the slug and the
slug-chum transition for both the pure water and aqueous glycerol solutions.
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4.4.4 Comparison between theoretical and measuredpressure gradients, (-dp/dz)

Figure 5 shows the comparison between the predicted (-dp/dz)cai from the
theory [6,10], (-dp/dz)ca!, and the measured values (-dp/dz)exp, as obtained from
experiments. From figures 5 (a) to 5 (i), we compared the predicted values and the
measured values in the bubble, the slug, the annular and the mist flow regimes. The
pressure gradients encountered in the two-phase flow system is one of the most
important parameters in understanding the behavior of the system,

4.4.4.1 Bubbleflow regime
The predicted pressure gradients, (-dp/dz)cai for bubble flow regime are
proposed by Nicklin, Wilkes, and Davidson [7] s in the following equation:

d _
(‘ﬁ) =p g2 (1)

where p 1= liquid density (kg/m3), g = gravitational acceleration constant (m/s2), and
£ = void fraction of air. This equation implies that the predicted (-dp/dz)cai can be
determined if the liquid density, p 15and void fraction of air, £, were known. The void

fraction of air, £, was also proposed by Nicklin, Wilkes, and Davidson [7] from the

following equation if Qg and 1 are known.

Void fraction = ¢ = — (2)
(Qg +QiJ+uh A

where Qg = volumetric flow rate of gas (L/min), Q1 = volumetric flow rate of liquid
(L/min), A = cross-sectional area of the pipe (m32), (-dp/dz) = pressure gradient
(kPa/m), b =bubble rise velocity in a stagnant liquid (m/s). The bubble velocity, v
rising into a stagnant liquid was proposed by Peebles and Garber [10].



Bubble velocity=6=1.00yjg Rb (3)

where ¢ = gravitational acceleration constant (m/s2), Ro= radius of the bubble (m).
Figure 6 shows the diameters of the different bubble sizes. Bubbles

diameters can be measured from the still photos and the diameters were from

0.014-0.0145 m for the air-pure water mixture and 0.0145-0.0152 m for the air-50

vol% glycerol solution mixture.
4.4.4.2 Slugflow regime

The predicted pressure gradient,(-dp/dz)cai for the slug flow regimes was
proposed by Nicklin, Wilkes, and Davidson as in the following equation [7]:

(-2)-0-0] s +(2), 0

Single-phase frictional pressure gradient for the liquid only is:

dp
v~dz)p= D
The single-phase pressure gradients were calculated with the friction factors,
tp = 16/Re for laminar flow (Re < 2000), andtp =0.0790Re /4 for turbulent
flow (Re > 4000). The Reynolds number of the liquid. Re, =( 10)/v1 and mean

upward liquid velocity, L can be calculated from, 1= (qc +Q1)/A . The

calculation of the void fraction of air, € was proposed from the following equation
by Nicklin, Wilkes, and Davidson [7]:

' ion =¢ = Qo
Void fraction =¢ 12004 +Q L)+ s A (6)
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where Qg - volumetric flow rate of gas (L/min), i = volumetric flow rate of liquid
(L/min), A = cross-sectional area of the pipe (m2), u» =bubble rise velocity ina
stagnant liquid (m/s).

The bubble rise velocity, us rising into a stagnant liquid was proposed by Davies and

Taylor [8] as in the the following equation:
Bubble rise velocity = 6= ¢ 4jg D (7)
where g = gravitational acceleration constant (m/s2), D = diameter of the pipe (m).

The experiments indicate that the constant “c” was 0.35 [§].
4.4.4.3 Annularand mistflow regimes

The pressure gradients, (-dp/dz)cai for the annular and the mist flows were
proposed by Wallis [6]; it uses the Lockhart-Martinelli correlation [9] for the friction
part of the pressure gradient, and supplemented with appropriate gravitational
terms. We now consider two parts for the pressure gradient calculation. First,
consider just the flow of gas in the inner core. The momentum equation for the gas

core was proposed by Wallis [6] as:

rdp" "d N 2fF pa "do’
\dg, Ydf, PgVS ~ng :ﬁyd? Peg (8)

Second, the momentum equation for the entire flow was also proposed by Wallis
(1969):
/\dpll

dz ydz JD

-[spg+(\-s)p] g ()



Eliminating the two-phase pressure gradient between these two equations

gives a single equation with three unknowns, (ja = the gas two-phase flow multiplier,

(= the liquid two-phase flow multiplier, and e = the void fraction of air. Inthe

Lockhart-Martinelli model [9], the gas two-phase flow multiplier <y is defined as:

8 (dpldz)qo (10)

where (dp/dz)tpis two-phase pressure gradient, and (dp/dz)go is the gas only pressure
gradient. The Lockhart-Martinelli model [9] provides correlations for the multiplier

based on the Martinelli parameter defined as:

yl (dp d2)hd |

where (dp/dz)io is the pressure gradient of the liquid flowing alone in the tube. The

correlations between X, 9gand e is:

¢, =(l+x?" )" (12)

(1+0.0904x ° 5B)2@
where the exponent for two-phase correlation “ ™ based on the gas/liquid phase
laminar or turbulent flow [10]. Finally, we put these correlations into a single
equation with three unknowns,™ , X, and e and obtain the general equation to find
“X”" for pure water and 50 vol% glycerol solution. The Martinelli parameter “X” can
be calculated from the single-phase pressure gradient using the standard friction
factor approach. For pure water, “X™ is defined as:
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(I+ 23 6[[\(/dp/dz{/ -(dp/dzA>J:9749{‘1-* (14)

v 7060045 8]
We get this equation by equating the equation (8) and (9) and eliminating
two-phase pressure gradient to get the single equation with three unknowns, <tl, <f
ande. And we replace <+ with Martinelli parameter “X” by using equation (11),
replace (i1 with Martinelli parameter “X” by using equation (12) and replace £ with

equation (13) in order to get equation (14) for simply calculation.
For 50 vol% glycerol solution, the parameter “X™ is defined as:

(
[4P181)0 - 100854 1 ! (15)
X Vo LH0.0004X 058 )

When the value of X is determined, < is calculated from equation (12). The two-

phase pressure gradient, (-dp/dz)tp then can be calculated from equation (8).

We used the Lockhart-Martinelli model [9] to obtain the predicted pressure
gradients, (-dpfdz)cai and compared them with the measured pressure gradients,
(dp/dz)exp in annular and mist flows. The single-phase pressure gradients were
calculated with friction factors, f = 16/Re for Re < 2000 and f = 0.0791 / (Reléfor
Re > 4000.

Figure 5 (c) to 5 (i) shows the comparison between the measured (-dp/dz)exp
and the predicted (-dp/dz)cai using equations (8) to (15). At low water Reynolds
number, ReVder; the predicted (-dp/dz)cai values from the theory agree well with the
measured  (-dp/dz)exp values. At high water Reynolds number, the predicted
(~clp/dz)cai values were lower than the measured values in the annular and the mist
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flow regimes. For 50 vol% glycerol solution, the predicted (-dp/dz)cai values are
always lower than the measured (-cp/dz)exp values.

Comparison of predicted values for the pressure gradients obtained from
this prediction method, (-dp/dz)cai, and the measured values (-dp/dz)exp are shown in
figures 7 and 8. As can see in figure 7, the predicted values agreed with measured
data within an accuracy of + 10% for bubble flow, £ 15% for slug flow and +40%
for annular and mist flows in air-pure water mixture.

In figure 8, the predicted values agreed with measured data within an
accuracy of £ 15% for the bubble flow, +30% for the slug flow and £ 40% for the

annular and the mist flows for the air-50 vol% glycerol solution mixture.

45 CONCLUSIONS

The experiments were carried out on the isothermal two-phase upward
flows in a vertical tube with an inner diameter 0.019 m for air-water and air-50 vol%
glycerol solution systems in order to observe and understand the effect of viscosity
on the flow pattern regimes and the pressure gradient in each flow regime.

As the liquid viscosity increases, the boundaries of the bubble, the bubble-
slug and the slug flow regimes in aqueous glycerol solution shifted to the right
relative to those of pure water. But the boundaries for the chum, the annular and the
mist flow regimes remained nearly the same. In the bubble, the bubble-slug and the
slug flows, the critical Reynolds numbers of air, (Rearjritica were low and the flow
was laminar. So, the effect of viscosity was more pronounced in these regimes. For
the chum, the annular and the mist flows, the critical Reynolds numbers of air,



(Reaironticai were high and the flow was turbulent. So, The effect of viscosity in
these regimes were relatively less.

Fluctuations of pressure gradients, (-dp/dz)exp, were less in the aqueous
glycerol solution than those in pure water because of the viscosity effect. The highest
fluctuations occurred in the slug and the slug-chum transition regimes of both pure

water and the aqueous glycerol solutions.

The proposed theories for the pressure gradient by Nicklin, Wilkes, and Davidson
(1962) for the bubble and the slug flow regimes and by Wallis (1969) for the annular
and the mist flow regimes are in moderately good agreement with measured values.
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Table 4.1 Physical properties of liquids used in the experiment (2.Experimental

Apparatus)
Liquid VI (nfVs) pL (kg/mJ) p (kg/m.s)
Water 0.85x10'h 995 8.48x10"
50 vol% glycerol solution 4.0x10' 1121 4.48x10"
Note:

vl kinematic viscosity, P1: density, p: viscosity
System temperature, T = 31°c (x 1°C)
System pressure, Pr= 1 bar



O

@i

8 Valve B

/—Manometer

6

D\

3

Alr compressor maximum 10 bar
Solution reservoir tank

Alr rotameter

liquid rotameter

check value

Air Injection tee

Ball valve A

Ball valve B

. Ball valve C

10. Draining ball valve

11. Control valve for reservoir tank
12. Acrylic tube (L9 cm)

OV ONAUL B W~

~13. Overflow acrylic tube (5.4 cm)

14. Solution refum Iinf_ to reservoir
Line A AIr Injection line
Line B Solution njection line

2

Line B

N—

—®
PIe
780

Figure 4.1 Schematic diagram of the experimental setup (modified from

Puengpatipan, 2002).



47

Bule

(@)

0

Figure 4.2 Different flow regimes for air-water mixture and air-50 vol% glycerol
solution mixture;

a) Twaer=0.0131 m/s, Reeter= 293, 7ar= 0.0042 m/s, Rear= 5.05;

b) Twaer=0.0131 m/s, Reeter = 293, 7ar=0.0232 m/s, Rear= 28.07

c) Jater=0.0131 m/s, ReVeter=293, Tar=2.93 m/s, Rear=28.07 ;

d) 7veter = 0.0131 mis, ReViter= 293, 7ar= 17.61 m/s, Reair=21319;

e) Tvaer= 00131 m/s, Renater= 293, 7air=46.95 m/s, Reair= 56852,
f) 7 solution = 0.1053 m/S, Resolution= 500, 7air = 0.0115 M/S, Reair = 13.95;
g) "solution = 0.1053 M5, Resolution= 500, 7ir = 0.141 mfS, Rear= 170.93;
h) solution= 0.1053 m/s, Resoiutlorn= 500, 7ar=2.35 m/s, Reair= 2842,
i)"sdution = 0.1053 m/s, ReSiutior= 500, 7ar=23.47 mfs, Rear= 28426;
J)7soiution  0.1053 M/, resotution 500, 7air  46.95 M/S, Reair 56852,
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Figure 4.3 (b) Flow pattern regimes for air-50 vol% glycerol solution mixture.
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Figure 4.5 (d) Comparison between theory and experimental pressure gradient vs.

air Reynolds number of 50 vol% glycerol solution.
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Figure 4.5 (¢) Comparison between theory and experimental pressure gradient vs.

air Reynolds number of pure water,
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Figure 4.5 (f) Comparison between theory and experimental pressure gradient vs.
air Reynolds number of 50 vol% glycerol solution,
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Figure 45 (g) Comparison between theory and experimental pressure gradient vs,

air Reynolds number of pure water.
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Figure 4.5 (h) Comparison between theory and experimental pressure gradient vs. air
Reynolds number of 50 vol% glycerol solution.
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Figure 45 (1) Comparison between theory and experimental pressure gradient vs,

air Reynolds number of pure water.
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Figure 4.6 () Bubble size diameter in air-50 vol% glycerol solution mixture.
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Figure 4.6 () Bubble size diameter in air-50 vol% glycerol solution mixture.
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Figure 4.7 (a) Comparison between the theory and the measured pressure gradients

for air-water mixture: bubble flow regime.
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Figure 4.7 (b) Comparison between the theory and the measured pressure gradients

for air-water mixture: slug flow regime.
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Figure 4.7 (c) Comparison between the theory and the measured pressure gradients

for air-water mixture: annular and mist flow regime.
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Figure 4.8 (a) Comparison between theary and experimental pressure gradients for

the air-50 vol% glycerol solution mixture: bubble flow regime.
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Figure 4.8 (b) Comparison between theory and experimental pressure gradients for

the air-50 vol% glycerol solution mixture: Slug flow regime.



Measured (-dp/dz)exp kPa/m

Predicted (-dp/dz).,; kPa/m

> > O <o

62

Resolution = 100
Resolution = 1/
Resolution = 197
Resolution = 307
Resolution ~435
Resolution = -*00

Figure 4.8 (c) Comparison between theory and experimental pressure gradients for

the air-50 vol% glycerol solution mixture: annular and mist flow regime.
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