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WORK PERFORMED

1. Measurement of liquid viscosi@

The experiments on liquid viscosity measurement were started two months ago. The .

experiments were conducted in the high pressure and temperature system, and nitrogen was used

to pressurize the system. The molecular structures of Paratherm NF heat tmnsfer fluid and other

oganic liquid (e.g, mineral oil and F-T wax) are complex. There is no theoretical method to

accurately estimate the viscosity of these liquid. Thus, direct measurements using such methods

as falling ball and plate-and-cone or couette-type viscometers are the only alternative. In the

d~ect measurement of liquid viscosity conducted in thii study, falling ball technique was used to

measure the viscosity of Paratherm NF heat transfer fluid. The Reynolds number based on the

particle diameter is maintained in all experiments at less than 2 by varying the particle sizes. The

Stokes (1851) and Oseen (1910) equations given below were applied to calculate the viscosity for

different flow regimes, based on the Reynolds number:

d;(PP -p>gAt
P ‘f. (Re,<O.1)

18L

d;(pp - p)@
P ‘fw (0.l<Re:2)

18L (1 +3Re#6)

(1)

(2)

where~Wisthe cmrection factor accounting for the wall efkct, and can be expressed by (Khan and

Richardson, 1989)

fw = 1- 1.15(dp/D)006 (3)

.

Figure 1 shows the variations of the viscosity with pressure and temperature for Paratherm

NF heat transfer fluid. The results were partially verified by comparing the measurements with

valu~ provided by the Paratherm supplier at a pressure of 0.1 MPa and temperatures below the

boilhg point. The differences between the measured values and the supplier’s results are less than

1%.
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In general, the liquid molecules move within parallel liquid layers, where they change their

sites by surpassing the activation energy barrier (Ewell and Eyring, 1937). As the pressure

increases at low temperatures, the liquid exerts a larger frictional drag on adjacent molecule

layers, and the velocity gradient decreases, which &uses the viscosity to increase signifkantly. ,

For high temperatures, however, the liquid molecules have excess free energy to overcome the

energy barrier, and thus an increase in pressure does not significantly affect the liquid viscosity.

Figure 1 shows that when the pressure increases from 0.1 to 21 MPa, the viscosity for Paratherm

NF heat transfer fluid increases by 65% at 20°C, but only by 10% at 100”C. Figure 1 also

indicates that the effect of temperature on the liquid viscosity is more significant than that of

pressure.

2. Bubble effects on the transient flowpattern in bubble columns

For the flow in a two-dimensional (2-D) air-water bubble column of 15 cm in width at the

supefflckd gas velocity of 1 cm/s, a time series of 322 consecutive vector fields was constructed by

a Particle Image Velocimetry (MY). The PIV technique has the capabildy to provide the transient

IM1-fieldbehavior of a fluid flow ~thout obstructing the flow. The series comprises 10.73 s of the

flow and contains the passage of two vortices in the field of view. This analysis allows for the study

of the flow dynamics in great detail (deterministic and stochastic properties). The profiles of the

averaged horizontal and vertical liqyid velocities, u and v, respectively; and Reynolds stresses were

obtained from the liquid velocity fields as shown in Figures 2 and 3. The averaged vertical liquid

flow consists of upward flow in the center of the column and downward flow adjacent to the

sidewalls. The Reynolds normal stress in the horizontal direction peaks in the center, whereas the

vertical normal stress has a local minimum in the center and maximum between the wall and the... “

cen~r. The Reynolds shear stress is proportional to the gradient of averaged vertical velocity profile

suggesting a Boussinesq type of approximation. Furthermore, the Reynolds normal stresses are

considerably greater than the Reynolds shear stress.

For each field, the liquid vectors were redistributed over a 10 by 10 grid. After the cell

averaged velocities were computed for the entire 10.73 s series, they were subtracted from the

2
-.. .



instantaneous vectors in the respective cells. h Figures 4a and 4b, the series of both components

for grid cell (3,5) are shown. It should be noted that the lefl lower cell within the field of view has

coordinates (1, 1). The vertical structures are clearly demonstrated, i.e. periods of positive and

negative axial velocity alternate. Plots for the other grid cells look similar, with the exception of

the cells adjacent to the wails where the horizontal velocity fluctuations are strongly damped and

the center cells where the presence of the vortices is less dominant in the vertical velocity. Figure

5 shows the power spectral density fimctions of both u and v for grid cell (3,5). Agah+ the vertical

structures dominate, i.e. hardly any power is found above1Hz evenup to the Nyquistfrequency

of 15 HZ.

Cross-correlating of u-u for the cells on a horizontal row, i.e. with the samej-coordinate,

reveals that the u-components are in phase. The cross-correlation indicates that the vortices span

the entire column width and flow as one big entity into the field of view. Similarly, cross-

correlating of v-v for a row shows that correlating of two cells at the same side of the column

symmetry axis means zero-phase shift and at different sides gives 180”-phase shift. In the latter

case different sides of the vortex were probed. Finally, from the cross-correlation between v(2,2)

and v(2J) withj = 1 to 10, a time shif$ At, was found to increase with increasing distance, Ay,

between the cells. In Figure 6 this time shift is plotted as a fimction of distance. Fitting a straight

line through the data points gives a reasonable estimate of the descending velocity of the vertical

structures. Note that the negative time shift means cell (2,2) responds later than cell (2~). The

descending velocity of -5.5 crnk was found which shows the vertical structures are moving

downward.

Thedatafromthe time seriesdemonstratethat the velocityfield canbe decomposedinto a

SIOWsine-like oscillation due to the passage of a vortex and ‘high’ fkquency content associated with

‘turbulence’ as shown in Figures 4a and 4b. The power spectra support the use of only one sine-

like carrier wave for the vortices with a fkquency around 0.2 Hz. As mentioned, the flow field can

‘ be decomposed according to:

v(i~”,t) =<v(iJ)> +avcos (27CJ7+qv)+v~(i~-, t) (4)
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where v(ij;t) is the vertical component of the velocity in grid cell (ij); <v(i~~>is its time-average;

afl,~ and ~, are the amplitude, frequency and phase to be fitted, respectively; and v~ij;t) is the
●

‘turbulent’ part in grid cell (iJ). Now the Reynolds stresses can be recalculated using vps

<v>(iJ)v>(iJ)> =
[ )~~ ‘~(iJ@’’iJ,k) ~“ . -

-<v 1J)>2 (5)

The horizontal component of the velocity, q and the oi.hertwo stresses were treated similarly. The

resultant stresses are shown in Figure 7. The figure shows the profiles for one grid row ofj = 5.

The figure demonstrates that removing the contribution of the vortices has a significant affect on

the stresses. With the removal of the vertical structures, relatively flat normal stresses were obtained

that have values close to the minimum in <v’v’>. It can be concluded from this analysis, that the

high frequency content of the normal stresses, i.e. the ‘turbulence’, has a rather flat profile with a

magnitude of 50-100 cm2/s2.

3. Gas Itokkp in high pressure and temperature bubble column

The measurements of gas holdup in the high pressure and temperature bubble column with

a porous plate d~tributor was carried outlast quarter. The experiments were focused on the pressure

effects under various gas velocities. Figure 8 shows the effect of pressure on the gas holdup in the

liquid-batch bubble column. The value of the gas holdup is associated with the bubble rise

velocity and the number density of bubbles in the system. The bubble rise velocity, in turn,

depends on the bubble size and shape, physical properties of the liquid, and flow pattern. In

Figure8, thegasholdupisplottedagainstthe superficialgasvelocityfor pressuresvarying from

0.1 to 20.4 MPa. It is seen that at low gas velocities, the gas holdup increases linearly with

increasing gas velocity for all pressures. The significant pressure effects on the gas holdup were

observed at ~gh gas velocity conditions for pressures up to 10 M’Pa. At pressures higher than 10

MPa, the gas holdup is insensitive to the operating pressure for the gas velocity range examined

in this study. Pressure effects on the gas holdup were reported also to be significant at high gas

velocities by Idogawa et al. (1986) for a air-water system with pressures up to 5 MPa. The
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increasein the gas holdup with increasing pressure can be attributed to a decrease in bubble size

and an increase in number density of bubbles. Visualization revealed that the increase in the gas

holdup from pressures of 3.5 MPa to 20.5 MPa is due to an increase in the bubble number

concentration since the mean bubbIe size is insensitive to the pressure in the current system. As

noted earlier, there is no significant bubble interaction in the dispersed bubble regime, and thus

the condition for the pressure effects on the gas holdup appears to be concerned with the process

of bubble formation. As the gas velocity increases, bubbles of smaller size are formed with a

higher formation frequency in the higher pressure system (Kling, 1962; Idogawa et al., 1987a),

which results in a higher gas holdup compared to those in the system operated under atmospheric

pressures.

WORK TO BE PERFORMED NEXT QUARTER

1. Quantitative analysis of the transient flow pattern in bubble columns will be continued next

qutier with emphasis on the deterministic flow structure.

2. Gas holdup in the high pressure and temperature bubble column will be continued next

quarter.

Notations

D

dP

f.

,,8

L

P

Re

diameter of column (mm)

diameter of particle (mm)

correction factor for wall effect (-)

gravitational acceleration (m/sz)

falling distance (m)

pressure (MPa)

Reynolds number based on particle diameter P@P/P (-)
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Re, Reynolds number based on particle diameter p#&/p (-)

Greek letters

P liquid viscosity (kg/nrs)

Pp particle density (kg/m3)

Pf liquid density (kg/m3)
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Figure 2. Averaged velocity profiles for the middle section of the 11 cm column at UWP= 1.0 ends.

... .
$

..



350

300

250

200

150

100

50

0

-50

.

. ,.
....

0“

I
--Q--<u’u’>

~ <v’v’>

_,O-.. x—.-. <Zf’v’>

#,

.0”’
..,’,

o“

-..
●

✍✍✍✍✍

7“
“.*..

●

✎ 9
. ,.. ..

. ,’
‘0-””

t

x
-----

,2 x -x-+-x
‘\

x -x’ ●\
I o

x___ ,2 “
: ‘x~

%.\
‘-x

x- - /_x---

.
-1 -0.5 0 0.5 1

2x/w

Figure 3. Profiles of the Reynolds stresses component for the middle section of the 15 cm column
at U~P= 1.0 cids. “

. . .
\

.. .-2



30

20

10

0

-1(

-2(

-3(

o 2 4 6 8 10

t (s)

Figure 4a. Time series of the fluctuating component of the horizontal velocity of cell (3,5).
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Figure 4b. Time series of the fluctuating component of the vertical velocity of cell (3,5).
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Figure 5. Power spectrum of the series shown in Figures 10a and 10b. ,
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Figure 8. Eff5cts of gas velocity on the gas holdup
at various pressures (T = 25 ‘C).
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