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Part 1. Flow Maps 

Flow regimes for nonfoaming and foaming two-phase downflow through 
catalyst beds are correlated in terms of the superficial volumetric gas-to- 
liquid ratio and a force ratio relating inertia plus gravity forces to viscous 
plus interphase forces. In the pulsing flow regime, the frequency of pulses 
leaving large (29.2 cm) and small (6.58 cm) diameter beds is correlated 
with the flow map coordinates. 

SCOPE 

Pulsing has long been recognized as a major flow regime 
in two-phase downflow through packed beds (Larkins 
et al., 1961; Weekman and Myers, 1964; Turpin and Hunt- 
ington, 1967; Charpentier et al., 1969; Beimesch and Kes- 
sler, 1971; Sato et al., 1973~; Satterfield, 1975). In this 
flow regime, liquid rich pulses (slugs, waves) traverse the 
lower portion or the entire length of the bed (within 15 
cm from the top), depending on liquid and gas flow rates, 
physical properties, and packing characteristics. As ob- 
served in bed diameters up to 15.2 cm (Turpin and Hunt- 
ington, 1967), the pulses do not necessarily bridge the 
entire bed diameter and may have the shape of a wavelike 
torus (Weekman and Myers, 1964). 

As pulsing represents a phase redistribution of a two- 
phase mixture or a mechanism by which the gas tends to 
reduce liquid holdup within the bed, related investiga- 
tions of radial fluid distribution (Weekman and Myers, 
1964; Beimesch and Kessler, 1971; Sylvester and Pitayagul- 
sarn, 1975u), liquid holdup (Charpentier and Favier, 
1975), and mass transfer (Hirose et al., 1974; Sylvester 
and Pitayagulsarn, 1975b) have been conducted. However, 
before any pulsing related phenomenon or property can 
be investigated, the boundaries of pulsing in relation to 
other flow regimes have to be determined. 

Until early 1975, published diagrams of flow regime 
boundaries for two-phase downflow through packed beds 
have been in terms of superficial mass flow rates of air 
and water, either G vs. L (Weekman and Myers, 1964; 
Beimesch and Kessler, 1971; Sato et a]., 1973~; Satterfield, 
1975), L vs. G (Charpentier et al., 1969), or L/G vs. G 
(Turpin and Huntington, 1967). As such, these diagrams 
cannot be applied, for example, to petroleum processing 
units. 

A step toward a generalized flow map was published by 
Charpentier and Favier in late 1975. For the first time, the 

concept of separate flow maps for nonfoaming and foaming 
systems was introduced. For nonfoaming systems (water, 
cyclohexane, gasoline, and petroleum ether with air, ni- 
trogen, helium, and carbon dioxide), the flow map shows 
three flow regimes: trickling flow (two continuous phases), 
pulsing, and spray flow (gas continuous). For foaming 
systems (kerosene, desulfurized and nondesulfurized gas 
oils with air, nitrogen, helium, and carbon dioxide), the 
flow map of Charpentier and Favier (1975) identifies 
four flow regimes: trickling flow, foaming, foaming pulsing 
flow, and pulsing. Both flow maps show that at constant 
liquid and gas flow rates, a higher liquid viscosity or a 
lower liquid surface tension promotes pulsing. However, 
both flow maps are corrected versions of L/G vs. G plots, 
where the correction factors for L/G and G are ratios of 
liquid properties (density, viscosity, and surface tension) 
to those of water and ratio of gas density to that of air, 
each property ratio raised to a different power between 
0.33 and 1.0. With these empirical corrections, the co- 
ordinates of their flow maps have no physical meaning. 
Furthermore, the range of particle size covered is rela- 
tively narrow (0.184 to 0.300 cm), and the prediction of 
flow regime in hydrogen/hydrocarbon systems relative to 
water as the liquid phase and air as the gas phase appears 
questionable. 

Therefore, the objective of Part I of this study was to 
develop a generalized flow map in terms of meaningful 
coordinates which allow scaling over a wide range of 
variables. As the need for additional experimental data ap- 
peared certain, and because all available data were ob- 
tained in small diameter beds (<15.2 cm), a larger diam- 
eter bed (29.2 cm) was chosen for acquisition of extra 
data for mapping and for determination whether increased 
bed diameter affects pulsing behavior. 

CONCLUSIONS AND SIGNIFICANCE 

The flow regimes encountered in two-phase downflow 
through packed beds depend on the superficial volumetric 
gas-to-liquid ratio and the ratio of inertia plus gravity 
forces to viscous plus interphase forces. The variables af- 
fecting this force ratio are packing size and bed voidage, 
liquid and gas superficial mass flow rates, densities and 
viscosities, and liquid surface tension. Bed diameter or 
height per se do not affect the correlation of flow regimes 
(Figures 2 and 3). 

P'or nonfoaming systems (Figure 2), the flow map shows 
five flow regimes: two continuous phases (trickling flow), 

gas continuous (spray or blurring flow), liquid continuous 
(dispersed bubble), pulsing, and bubbling/pulsing. For 
foaming systems (Figure 3), the flow map identifies two 
continuous phases, gas continuous, foaming, and pulsing 
with and without foaming; that is, foaming appears in 
regions where liquid continuous and pulsing are encoun- 
tered with nonfoaming liquids. In both cases, the correla- 
tion is in the form of (G/L)(pl /pg ),,, vs. [I  + (l/Fr)]/ 
[We + (URe)]. Several orders of magnitude variations 
in the Froude, Weber, and Reynolds numbers are covered 
using data obtained in this study in a 29.2 cm diameter 
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bed and data from the literature obtained in smaller 
diameter beds. Upper and lower boundaries for pulsing 
show the pulsing flow regime semienclosed by the other 
flow regimes (Figure 2). Additional significant boundaries 
are a lower boundary for two continuous phases and a 
lower boundary for no foaming or bubbling (Figure 3). 

Pulse frequency in nonfoaming systems is not affected 
by bed diameter (Figure 41, and there is a good corm- 
spondence between local pulse frequency and local pres- 
sure drop oscillation frequency. 

The flow regime and pulse frequency correlations (Fig- 
ures 2 to 4) are useful for analyzing performance of exist- 
ing or new pilot and commercial reactors. 

EXPERIMENTAL 

A schematic illustration of the experimental system used 
in this study is given in Figure 1. The system consisted 
of a 30.5 cm OD, 0.635 cm wall Plexiglas column packed 
with 1.22 m of 0.350 cm cylindrical particles, a 0.208 m3 
drum, a circulation pump, and high/low range flowrators 
for liquid and air flow measurements. The column was 
provided with a spider type of liquid injector, a chimney 
distributor right above the packing, and 0.635 cm pres- 
sure taps spaced 15.2 cm apart along the packed section. 
A pressure gauge at the top of the column provided over- 
all pressure drop data, and a 5.08 cm bursting disk in the 
air line assured that the maximum allowable pressure of 
103 421 N/m2 was not exceeded in the Plexiglas column. 
Local pressure drops were measured by pneumatic d/p 
cells mounted above the bed and recorded on a pneu- 
matic consotrol receiver. On those occasions when overall 
bed pressure drop was measured with a d/p cell, the re- 
corded value was in good agreement with the reading of 
the pressure gauge. 

Water/glycerine solutions of various concentrations ( 0  
to 46%) were prepared in the 0.208 m3 drum and thor- 
oughly mixed by running the pump on total bypass. As 
soon as the desired viscosity was reached (by monitoring 
temperature and specific gravity or by direct measurement 
of viscosity), the flowrators were calibrated in situ and a 
liquid flow established through the system by throttling 
the bypass valve with the block valves of the desired 
flowrator fully open. In some high flow runs, both high/low 
flowrators were used in parallel. 

Once a desired liquid flow rate was established, air 
flow was introduced in small increments, and the flow 
pattern was observed at each air flow while keeping a 
constant or near constant liquid flow. A series of such 
runs at constant liquid rate was terminated as soon as the 
maximum allowable pressure was reached at the top of 
the column. A new liquid rate would then be established 
and the flow pattern observed at various increasing air 
flow rates. All combined, 336 runs were conducted cover- 
ing a liquid flow range of 2.3 to 34 kg/m2s, a liquid vis- 
cosity range of 0,001 to 0.005 N e s/m2, and an air flow 
range of 0.033 to 0.68 kg/m2s. 

In some of the runs, pulse frequency was measured at 
the bottom of the bed. This was done with the help of a 
stopwatch by visual counting of pulses or waves travers- 
ing the bottom 30.5 cm section of the bed or by counting 
sloshes in the bottom reservoir of the column caused by 
the pulses. The pulse and slosh counts were in good agree- 
ment whenever both were taken for the same run. 

FLOW OBSERVATIONS 

Depending on liquid flow rate, the starting flow regime 
at low air rates was either trickling flow (two continuous 
phases, very little gas-liquid interaction) or dispersed 
bubble (liquid continuous). In either case, the start of 
pulsing at some air rate was distinct. 
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The first pulse always appeared at the bottom of the 
bed, and the pulse had the appearance of a wave or a 
wavelike torus rather than a slug. The point of incipient 
pulsing moved up as the gas rate was increased. However, 
even when the highest point of incipient pulsing was 
within 15 cm from the top of the bed, pulses appeared to 
form at all points below, and a pulse frequency gradient 
was evident along the bed. With increasing air rate, pulse 
frequency increased in all bed sections. 

Because of the pressure limitation of the Plexiglas 
column, the air rate could not be increased all the way to 
the gas continuous flow regime. However, the maximum 
possible air rate was sufficiently high to increase pulse 
frequency to a level where it was difficult to distinguish 
between pulses. 

Occasionally, visual observation of low frequency pulses 
was also difficult. This occurred especially with the richer 
(33 to 46%) glycerine solutions, where slight foaming 
(cloudy liquid) obscured the pulses. While not expected 
with a poorly foaming liquid such as aqueous glycerol, 
the foaminess of aqueous glycerol, as measured by the time 
of collapse after shaking (TCS), is reported to be maxi- 
mum ( 3  s )  at a glycerine concentration of 49% (Bikerman, 
1973). The collapse times for the richer (33 to 46%) 
glycerine solutions used in this study must have, therefore, 
been below 3 s. This indicates low foaminess, but it was 
significant enough to obscure pulses and raise overall bed 
pressure drop. 

In the course of flow map development, all aqueous 
glycerol solutions (0  to 46%) were considered nonfoam- 
ing (TCS < 3 s) , But, in ascertaining the efEect on overall 
bed pressure drop (Part II) ,  the 33 to 46 % glycerine solu- 
tions data were separated from the lower concentration 
( 0  to 20%) data. 

5.08 cm Bursting Disk 

Spider Injector 

2.54 cm 
Chimney Distributor 

Liquid Flw 
WaterlGlycerine -- La 4 

b 
Air Supply 

Fig. 1. 30.5 cm OD column flaw schematic. 

'Control  
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DEVELOPMENT OF FLOW MAP COORDINATES 

In the absence of a model for predicting flow regime 
transitions in two-phase downflow through packed beds, 
careful consideration should be given to the selection of 
coordinates for a flow map. The coordinates must have at 
least some theoretical meaning so as not to be dependent 
on the particular data used to prepare the map and allow 
reliable extension to other conditions. 

If one seeks guidance from what has been accomplished 
for two-phase downflow through empty tubes, very little 
information is available (Oshinowo and Charles, 1974). 
The bulk of published information is for vertical upflow, 
and a successful set of coordinates for correlating flow pat- 
tern in air/water upflow through empty tubes consists of 
the superficial volumetric gas-to-liquid ratio and the two- 
phase superficial Froude number. 

Judging by experience in mapping two-phase horizontal 
and near horizontal flow (Al-Sheikh et al., 1970; Taitel 
and Dukler, 1976), no two dimensionless groups should 
be expected to characterize all flow regime transitions 
and/or correlate all data. Indeed, Oshinowo and Charles 
(1974) had to modify the superficial two-phase Froude 
number by empirical property factors to obtain a general 
representation of flow regimes. As in the case of Char- 
pentier and Favier (1975), the property factors consist of 
ratios of liquid properties (density, viscosity, and surface 
tension) to those of water. The factors are raised to dif- 
ferent powers between 0.125 and 0.550, and their applica- 
tion as a property modifying group to the two-phase 
Froude number makes one of the flow map coordinates 
lose its physical meaning. 

However, some guidance for mapping two-phase down- 
flow through packed beds can be derived from the work 
of Oshinowo and Charles (1974) if one examines the logic 
or theory underlying a successful correlation of air/water 
upflow patterns in the form of superficial volumetric gas- 
to-liquid ratio vs. a superficial two-phase Froude number. 
The Froude number represents the ratio of inertia-to- 
gravity forces, and for a two-phase upflow in empty tubes, 
it also represents a ratio of a main driving force to a main 
resistance force for the delivery of a @ven superficial 
volumetric gas-to-liquid ratio. With this interpretation, 
the concept of a driving-to-resistance force ratio may be 
extended to other two-phase systems, provided that all 
significant driving and resistance forces are properly iden- 
tiried and accounted for. 

For two-phase downflow through packed beds, the 
driving forces are inertia ( I )  and gravity ( G ) ,  and the 
resistance forces are viscous (V)  and surface tension 
(S). Taking the ratio of driving-to-resistance forces and 
normalizing by the inertia force, we get 

(1) 
Driving Forces - I + G - 1 + ( G / I )  

Resistance Forces V + S ( V / I )  + ( S / l )  
--- 

where G / l ,  V / l ,  and S / l  are the reciprocals of two-phase 
Froude, Reynolds, and Weber numbers; that is 

( 2 )  
Driving Forces - 1 + ( l / F r )  

- 
Resistance Forces ( l /Re)  + ( l /We)  

Using some of the data of this and other studies (Lar- 
kins et al., 1961; Clements and Schmidt, 1976), a plot of 
the superficial volumetric gas-to-liquid ratio ( G / L )  ( p l /  
p g ) a v g  vs. the force ratio given by Equation ( 2 )  did not 
yield well-defined boundaries for the pulsing flow regime. 
The difficulty was mainly due to an improper rel~tive cf- 
fect of viscosity and surface tension on the force rEtio co- 
ordinate. In the form of Equation ( 2 ) ,  viscosity and sur- 
face tension affect the force ratio in the same manner. It 

appeared that for successful flow mapping, they should 
have opposite effects on the force ratio. This was accom- 
plished ~y inverting the term containing the Weber num- 
ber in Equation ( z ) ,  that is, by using [ I+ ( l /Fr ) ] /  
[We + ( l / R e ) ] .  

The inversion of the Weber number term in Equation 
( 2 )  amounts to considering a dynamic resistance force 
which is inversely proportional to the static surk'ace tension 
force. Such force is indicative of interaction between 
phases and should also depend on interface agitation or 
inertia force. 

Specifically, if we define a dynamic interface force as 
1 2 / S  and rewrite the force ratio as (inertia + gravity)/ 
(interface + viscous), we have 

Inertia + Gravity - I + G  
- -- 

Interlace + Viscous (P/ /S)  + V 

(3)  
1 + ( G / I )  - 1 + ( l /Fr)  - - - 

( U S )  + ( V / l )  We + (1/Re) 

where the two-phase dimensionless groups and properties 
were taken as 

2 ED 
DI ,  = 

2 + 3 (1 - E )  (D /D, )  

The force ratio given by Equation ( 3 )  and the super- 
ficial volumetric gas-to-liquid ratio are the coordinates 
uwd in this study to map two-phase downflow through 
packed beds with nonfoaming and foaming liquids. 

FLOW MAP FOR NONFOAMING SYSTEMS 

Data points from air/water, air/DEG, air/glycerine solu- 
tions, carbon dioxide/hexane, natural gas/lube oil, carbon 
dioxide/lube oil, and Freon 12/silicon oil flowing down- 
ward through beds of spheres, cylinders, and Raschig 
rings are combined in Figure 2 for correlation of nonfoam- 
ing flow regimes. Generally, open points represent pulsing 
runs, and solid points represent nonpulsing runs. For sim- 
plicity, no distinction is made between a partially pulsing 
bed and a fully pulsing bed; both are plotted as pulsing. 
Similarly, runs described by Larkins et al. (1961) as 
transitional or slugging are all plotted as pulsing. 

The curve surrounding the pulsing flow regime con- 
nects the higher and lower pulsing points so as to form 
upper and lower boundaries for pulsing. In regions of in- 
sufficient data, the curve is shown dotted. Similarly, one 
could draw lower boundaries for the gas continuous and 
two continuous phases regimes and an upper boundary for 
the liquid continuous regime whi-h would overlap into 
the pulsing area; that is, the fringe of pulsing constitutes 
an overlap area betwcen pulsing and its surrounding flow 
regimes. Within the overlap area, one would find mostly 
partially pulsing or nonpulsing data points. 
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Symbol 

0 

Fig. 2. Flow map for two-phase downflow through packed beds; non- 
foaming liquids (TCS <3 s). 

pg = 0.72 to 6.6 kg/m3 
pg = 0.012 ( to 0.018 ( N a s/m2 
Dp = 0.104 to0.952cm 

D = 5.08 to 29.2cm 
E = 0.357 to0.444 

DP. Bed Bed 
Source Packing cm E Dia., cm Height, rn System 

Beimesch and Beads 0.470 0.387 7.62 1.22 AirlWater 
Kessler (19711 Spheres 0.645 0.444 7.62 1.22 AirlWater 

As shown (Figure 2) ,  pulsing occurs within a semien- 
closed area surrounded by a gas continuous regime at  
high volumetric gas-to-liquid ratios, a two continuous 
phases regime (trickle flow) at intermediate gas-to-liquid 
ratios, and a liquid continuous regime at low gas-to-liquid 
ratios. Within the pulsing area, the map distinguishes be- 
tween pulsing and bubbling/pulsing. The border between 
bubbling/pulsing and pulsing is based on natural gas/car- 
bon dioxide/lube oil data (Larkins et al., 1961) and is 
substantiated by some data of this study obtained with 
air/33 to 46% glycerine solutions. 

The data points of Sato et al. ( 1 9 7 3 ~ )  cannot be char- 
acterized as pulsing or not pulsing. They represent border- 
line points between dispersed bubble and pulsing flow pat- 
terns. It is interesting to note that some of these points 
follow the borderline between bubbling/pulsing and puls- 
ing, and others follow the lower boundary for pulsing. 
Sato et al. ( 1 9 7 3 ~ )  also reported borderline points between 
gas continuous and pulsing, but those points could not be 
used because the operating pressure was not given, and 
their pressure drop correlation (1973b) appears ques- 
tionable in that region (Part 11). 

Figure 2 covers several orders-of-magnitude variations 
of the Froude, Weber, and Reynolds numbers; 0.000413 4 
Fr 4 191, 0.0000541 6 We 18.1, and 0.0196 Re 

967. The ranges of flow rates and fluid/packing proper- 
ties covered by Figure 2 are: 

L = 0.70t0200kg/m2s 
pl = 660 to 1 120 kg/m3 
p 1  = 0.33 ( to 41 ( N - s/m2 

= 0.018 to 0.073 N/m 
G = 0.018 to 20 kg/mZs 

At a given volumetric gas-to-liquid ratio, the parameters 
leading to pulsing are increasing liquid rate and viscosity, 
decreasing surface tension, particle size, and bed voidage. 
Bed diAmeter beyond the wall effect range does not affect 
the flow pattern, and this applies to nonfoaming and foam- 
ing systems. 

FLOW MAP FOR FOAMING SYSTEMS 

Data points for air/silicon oil, air/O.5% methocel solu- 
tion, and natural gadkerosene flowing downward through 
beds of spheres and cylinders are combined in Figure 3 
for correlation of flow regimes with foaming liquids. De- 
pending on data source, open points represent visual 
foaming and pulsing (Clements and Schmidt, 1976) or 
slugging (Larkins et al., 1961). Solid points represent no 
foaming (Clements and Schmidt, 1976) or homogeneous 
flow without pressure surges (Larkins et al., 1961). Foam- 
ing appears in regions where liquid continuous and puls- 
ing are encountered with nonfoaming liquids; that is, 
whereas with a nonfoaming liquid, increasing gas rate at 
a constant liquid rate leads one from liquid continuous to 
pulsing and on to gas continuous, with a foaming liquid, 
the sequence may be foaming, foaming and pulsing, puls- 
ing, and gas continuous. 

At some gas-to-liquid ratio, foam may disappear before 
pulsing. This is shown in Figure 3 by a lower boundary 
for no foaming or bubbling considerably below the upper 
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Fig. 3. Flow map for two-phase downflow through packed beds; 
foaming liquids. 

boundary for pulsing. The lower boundary for no foam- 
ing is drawn through the lowest nonfoaming points of 
Clements and Schmidt (1976) and the lowest natural gas/ 
kerosene bubbling points of Larkins et al. (1961). Above 
the lowcr boundary for no foaming, no foaming is possible 
but not certain until above the upper boundary for puls- 
ing. Below the lower boundary for no foaming or bubbling, 
some unpredictable form of foaming or bubbling should 
be expected. 

Larkins et al. (1961) distinguish between bubbling and 
foaming. Other investigators do not make such distinction, 
and indications are that what some call foaming is closer 
to bubbling. This investigator observed cloudy liquid with 
air/30 to 46C: glycerine solutions. The lack of precision in 
describing these visual liquid/gas interactions and the lack 
of a universal measure of foaminess (Bikerman, 1973) 
make it impossible to predict the type of foam expected at 
various locations within the foaming and pulsing regions 
in Figure 3. However, the lower boundary for no foaming 
appears realistic, particularly in view of the fact that it 
merges with the lower boundary for two continuous phases. 
As the latter represents a lower boundary for no interac- 
tion between gas and liquid, one should expect it to co- 
incide at least in some range with the lower boundary for 
no foaming or bubbling; that is, if the two boundaries 
would not merge, the significance of the lower boundary 
for no foaming or bubbling would be questionable. 

As in the case of Figure 2,  Figure 3 covers several 
orders-of-magnitude variations of the Froude, Wcber, and 
Reynolds numbers: 0.00432 6 Fr 6 124, 0.000156 6 We 
6 1.06, and 0.102 Re 6 32.9. The ranges of flow rates 
and fluid/packing properties covered by Figure 3 are: 

L 
pi 

= 0.67 to 57 kg/m2s 
= 800 to 1000 kg/m3 

I 
l'i' 
0.610 t 
2.44 Nat. GasiKeroser 

1.25-2.35 Nat. GasiKeroser 

2.22 AiriO,5%Methocr 
Solution 

pl = 1.8 ( to 9.5 ( N . s/m2 
U L  = 0.018 to 0.053 N/m 
C: = 0.0013 to 2.7 kg/m2s 
pg = 0.53 to 5.0 kg/m3 
pg = 0.012 ( to 0.018 ( lop3) N. s/m2 
L), = 0.104 to 0.350 cm 

L) = 3.40 to 10.2 cm 

Comparison of Figures 2 and 3 suggests that the boun- 
dary between two continuous phases and liquid continuous 
in Figure 2 is an extension of the lower boundary for two 
continuous phases in Figure 3. It appears that the entire 
lower boundary for two continuous phases is common to 
both figures. 

Q = 0.318 to 0.388 

PULSE FREQUENCY 

Within the pulsing areas, Figures 2 and 3 do not dis- 
tinguish between various pulse behaviors, for example, 
vaiious pulse frequencies. To remedy this, the pulse fre- 
quency counts taken in this study at the bottom 30 cm sec- 
tion of the 29.2 cm diameter bed were superimposed on 
the flow map of Figure 2, and curves of constant frequency 
were drawn through the data (Figure 4 ) .  

11s shown by the dotted curves in Figure 4, a trough of 
low frequency (0.3 Hz) is evident within the pulsing area. 
The frequency increases to at least 1 to 2 Hz by moving 
away from the trough to eithcr boundary of the pulsing 
area or by moving along the trough deeper into the puls- 
ing area. 

Sato et al. (1973a) measured pulse frequency in the 
bottom 30 cm section of a 6.58 cm diameter bed by count- 
ing local pressure drop oscillations from recorded oscillo- 
grams. Their results are given in rectangular frames in 
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Fig. 4. Pulse frequency contours for two-phase downflow through 
packed beds; nonfoarning liquids. Contours represent actual counts 
of pulses per second a t  bottom 30 cm section of a 29.2 cm diameter, 
1.22 m high bed (this study); numbers in frames represent frequency 
of pressure drop oscillation (5-1) across bottom 30 cm section of a 
6.59 cm diameter, 1 m high bed as counted from recorded oscillo- 

grams (Sato et al., 1973a). 

Figure 4. Note the consistency of pulse frequencies in 
the small and large diameter beds; that is, increasing bed 
diameter (at  least up to 29.2 cm) does not affect the fre- 
quency of pulses leaving the bed. Furthermore, since the 
consistency is between a large diameter local pulse or 
wave count and a small diameter local pressure drop oscil- 
lation count, the correspondence between local pulse fre- 
quency and local pressure drop oscillation frequency re- 
ported for small diameter beds (Sato et al., 1 9 7 3 ~ )  must 
also exist in large diameter beds. 

Relating the pulse frequency contours of Figure 4 to 
the various pulsing data sets in Figures 2 and 3, it is 
evident that all the nonhydrocarbon data of Larkins et  al. 
(1961) and all the air/Freon 12/silicon oil data of Clements 
and Schmidt (1976) are in the region of extremely high 
pulse frequency (>5 Hz). This explains the relatively 
wider scatter of these data and the difficulty in visual 
observation of pulses, particularly when the high frequency 
pulsing is combined with foaming or bubbling. In  fact, a 
combination of high frequency pulsing and foaming could 
lead to the false impression that pulsing and foaming are 
synonymous. 

On the other hand, the data of this study and the hydro- 
carbon data of Larkins e t  al. (1961) cover the low pulse 
frequency region of Figure 4. The lowest measured pulse 
frequency in that region is 0.3 Hz. 

APPLICATION TO COMMERCIAL REACTORS 

Figures 2 to 4 have been used to analyze performance of 
existing reactors and predict flow regime for new units. 
Use of Figures 2 and 3 for determination of flow regime 
requires judgment whether the system considered is foam- 
ing or nonfoaming. In this regard, the experience of Char- 
pentier and Favier (1975) and Larkins et al. (1961) is 
worth noting. In presence of gas flow, they found kerosene 
and desulfurized and nondesulfurized gas oils to be foam- 
ing, whereas gasoline, petroleum ether, cyclohexane, 
hexane, and lube oil did not foam. However, this does not 
extrapo!ate to the conditions or actual feedstocks present, 
for example, in a hydrocracker. If there is any question, 
both flow maps (Figures 2 and 3 )  can be consulted. 
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If a unit falls within the pulsing area, Figure 4 can be 
used to estimate pulse frequency so as to ensure that 
proper instrumentation is provided to monitor pulsing if 
desired. If operation in the pulsing flow regime is not de- 
sired, changes to operating or design conditions can be 
considered which will force the unit out of the pulsing 
flow regime in accordance with the respective flow map 
(Figure 2 or 3). Such changes could be a lower super- 
ficial liquid flow rate, lower liquid viscosity, larger catalyst 
particles, or a combination thereof. 

A situation which may call for consideration of changes 
is when the flow map (Figure 2 or 3) shows a new reac- 
tor in a different flow regime than the pilot unit which 
provided the kinetic data for the new reactor design. The 
fact that the pilot unit and the commercial unit operate in 
different flow regimes means that catalyst contact efficiency 
may be different (Satterfield, 1975), and in some cases 
it may be dficult  to predict, even directionally, what the 
difference may be. 
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NOTATION 

a , =  
D =  
Dn = 
up = 
FT = 
G =  
g =  
g c  = 
L =  
RE = 
TCS = 

vp = 
We = 

P =  
P =  
Ul = 

u =  

€ =  

external surface of a catalyst particle 
bed diameter 
bed hydraulic diameter, Equation (3) 
effective particle size = 6 U,/U, 

Froude number, Equation (3)  
superficial mass velocity of gas 
acceleration due to gravity 
conversion constant 
superficial mass velocity of liquid 
Reynolds number, Equation (3) 
time of collapse after shaking (Bikerman, 1973) 
specific volume = l / p  
volume of catalyst particle 
Weber number, Equation (3) 
void fraction of catalyst bed 
viscosity 
density 
liquid surface tension 

Su brcripts 

avg = average for the catalyst bed 
1 = pertaining to liquid alone 
g = pertaining to gas alone 
lg = pertaining to two-phase flow 
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Regime Pressure Drop 

Surveys of local and overall pressure drop in partially pulsing 29.2 cm 
diameter beds show the overall pressure drop steady but elevated, while 
local pressure drops across various sections of the bed oscillate in correspon- 
dence with the local pulse frequency. The increase in overall pressure drop 
due to pulsing varies between 0 and 100~o,  depending on the extent of 
pulsing and liquid holdup within the bed. 

In  foaming systems, the overall bed pressure drop can be higher than 
for pulsing alone, depending on liquid holdup and (apparently) the type 
of foam and its intensity. In  some cases, pulsing appears to be the starting 
point for low frequency foaming pressure drop surges which are associated 
with cyclic foam formation and breakup within the bed. 

SCOPE 

Pressure drop oscillations are often associated with puls- 
ing, and a correspondence between local pulse frequency 
and local pressure drop oscillation frequency has been ob- 
served in beds up to 29.2 cm in diameter and particle 

Huntington, 1967), whereas manometer fluctuations were 
greatest at transition into pulsing in 7.62 cm diameter beds 
packed With 0.378, 0.475, and 0.648 cm beads and 

(Weekman and MYers, 1964)7 Operating in 

ticle size or some other bed related property controls the 

ing flow is to have no effect On the objective of Part I1 of this study is to determine the 
Pressure drop in beds of 5.08, 10.2, and 15.2 cm in diam- extent to which pulsing affects overall bed pressure drop 
eter packed with 0.762 to 0.823 cm particles (Turpin and using data from the 30.5 cm OD column system of Part I. 

sizes in the range of 0.350 to 0.801 cm (Part 1 of this 
study; Sate et a l * ~  1973a). Yet, the transition 

the Same range Of air’water flow rates’ *PParentlY, Par- 

affects pressure drop. Therefore, the pUls- extent to which 

CONCLUSIONS AND SIGNIFICANCE 

In the pulsing flow regime, the overall bed pressure 
drop is not in correspondence with the frequency of pulses 
leaving the bed. Overall bed pressure drop is relatively 
steady but elevated, while local pressure drops across vari- 
ous sections of the bed are oscillating in correspondence 
with local pulse frequency (Figures 1 and 2). The increase 
in overall pressure drop due to pulsing depends on the 
extent of pulsing within the bed and the liquid holdup 
(Figure 3). For fully pulsing beds (Figure 4), the in- 
crease in pressure drop goes through a maximum of ap- 
proximately 100% at liquid holdups [defined by Equation 
(3)] between 0.5 and 0.6. 

When foaming accompanies pulsing, the pressure drop 
may be higher than for pulsing alone, depending on liquid 
holdup and (apparently) the type of foam and its in- 
tensity (Figure 5). 

While foaming may form and exist without pulsing, the 
latter appears to trigger foaming, which may lead to low 
frequency foaming pressure drop surges between a pulsing 
level and a higher pulsing and foaming level. However, 
the bed pressure drop is not affected by foaming when 
the liquid holdup [defined by Equation (3)] is below 
0.5. In that range, the effect of pulsing per se prevails; 
that is, pressure drop increases between 0 and l O O ~ &  de- 
pending on liquid holdup. 
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