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Vortex Free Downflow in Vertical Drains 
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Canada Performance of flush drains in gas-liquid separators has been evaluated 

under conditions of variable gas flow and pressure, liquid height and flow 
rate, and drain diameter. For the two-phase flow regime, liquid flow rate 
is found to be independent of vessel pressure or gas flow rate. Transition 
from weir control to orifice control of liquid flow rate occurs over the range 
of H/D ratios from 0.4 to 1.5. In this range, simple orifice equations do not 
apply. Revised design equations for use to determine minimum liquid height 
for maintenance of single-phase downflow in gas-liquid separators are pre- 
sented. 

SCOPE 

Downflow of liquid from a process vessel presents sev- 
eral design problems as outlined by Simpson (1968). The 
whole downcomer system should be designed to minimize 
cavitation problems, both in free flow and pumped sys- 
tems (Anderson e t  al., 1911; Simpson, 1968). This con- 
sideration generally determines dependent values of drain 
diameter and required head in the process vessel, whether 
it be predominantly pressure or hydraulic head. A con- 
sequent requirement in most processes is that the height 
of the lower phase (phase 1, Figure I) be sufficient to 
repress coning and subsequent mixing of phases (phases 

1 and 2, Figure 1); if the second phase is gas, this is 
especially crucial for vessels supplying liquid to cen- 
trifugal pump suctions. Vortex flow and subsequent en- 
trainment can be restricted by installation of cross baffles 
or vanes in the downcomer mouth. After this precaution 
is taken, the minimum height H of the lower phase is 
determined by requirements for stable, vortex free down- 
flow. The study discussed herein was undertaken to at- 
tempt to verify and extend bases suggested by Simpson 
(1968) for determination of minimum lower-phase levels 
for vessel and drain design. 

CONCLUSIONS AND SIGNIFICANCE 

This study shows that for a pressurized gas-liquid sep- flow occurs at Froude numbers given by the relation- 
arator drain system, the maximum attainable steady state ship 1.6 (PZ/D)* 4 Fr 4 5.1(H/D)’ .  The same relationship 
liquid superficial velocity V is a function of H / D  alone, applies to liquid superficial Froude numbers attained in 
even in the two-phase flow region (low viscosity liquid). two-phase downflow. The transition relationship essen- 
An increase in gas pressure and gas downflow rate does not tially corroborates Simpson’s assumption (1968) utilizing 
affect V in the two-phase region. At H / D  values from Kalinske’s equation (1941) for free downflow with a 
0.4 to 3, the transition from full liquid flow to two-phase constant discharge coefficient. The Harleman theoretical 
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equation proposed by Simpson (1968) as a design equa- 
tion for minimum liquid height for gas-liquid separators 
is unsatisfactory for that use. It is recommended that the 
relationship Fr 4 1.6(H/D)2 be used for this determina- 
tion instead. In the range of H / D  values from 0.4 to 1.5 

and maximum single-phase liquid velocities, weir flow 
exists at the lowest H / D  ratio, and there is a transition 
to an orifice type of flow with increasing ratios. Within 
the 0.4 to 1.5 H / D  range, simple orifice flow relationships 
do not apply. 

There are several different flow regimes to be considered 
in development of mathematical models for vortex free 
downflow. If we consider the case of a gas-liquid contain- 
ing vessel with a short flush drain under conditions of free 
hydraulic flow, these regimes can be classed with increas- 
ing values of H / D ,  where D is the diameter of the drain. 
As reviewed by Simpson (1968), the initial regime is es- 
sentially a self-venting weir flow in which liquid flows 
over the perimeter of the drain and down its inner surface 
without any appreciable concurrent air flow. Souders et al. 
(1938) successfully applied a modification of the Francis 
equation for circular downcomers in bubble trays. The 
cquation for values of H / D  less than 0.25, in terms of the 
Froude number, is 

This differs only slightly from the equation used by Ander- 
son et al. (1971) in related hydraulic studies. Their equa- 
tion for circular weir flow in the same form becomes 

Fr = 2.36 ( H / D )  l.5 (1) 

Fr = 2.31 ( H / D ) l . s  ( 2 )  
If liquid downflow is restricted to a lower rate than that 
given by Equation (1) or (2) ,  the downcomer will begin 
to fill with liquid. 

At values of H / D  greater than about 0.25, with Froude 
numbers over (1.3 or so (up  to Froude numbers of 0.55 in 
some instances), the second flow regime begins ( Simpson, 
1968). In this regime, gas is sucked into the flowing liquid 
stream through a cone formed in the drain (Kalinske, 
1941). For a givcn drain diameter and length with free 
fiow, increasing values of ff are accompanied by increas- 
ing gas intake rates which peak and then decrease to zero 
as thc liquid heights become sufficient to stop gas inspira- 
tion. The limiting curve for this situation of full liquid flow 

I T  Phase 1 

Fig. 1. Typical downflow system. 

has been plotted from Kalinske’s free downflow data by 
Simpson (1968). If this curve is analyzed, it can be seen 
to follow a simple equation; 

Fr = 4.4(H/D)2 (3)  
Simpson ( 1968) used the theoretical equation developed 
by Harleman et al. ( 1959) ; namely 

Fr = 3.2(N/D)2 .5  (4) 
for unstable downflow limits for stratified downflow as 
the theoretical expression of the above limit. Since the 
curve for the equation of Harleman et al. fell below 
Kalinske’s experimental curve in the range plotted, Simp- 
son ( 1968) suggested that the Harleman theoretical equa- 
tion could be used as a conservative equation for drain 
sizing in gas-liquid separators. Plots of Equations (3 )  and 
( 4 )  approach each other at values of H / D  over 1.0 and 
intersect at a value of 1.89 for H / D .  Thus, it would ap- 
pear preferable to use some other equation for design of 
gas-liquid separators, especially for values of H / D  greater 
than 1.0. In addition, such an equation should apply to 
flow under pressure as well as to free downflow. 

EXPERIMENTAL 

Two different apparatus setups were used to test the equa- 
tions for downflow. The first consisted of a flanged Perspex 
tube of 7.6 cm I. D. closed at both ends. Air pressure was 
controlled at a top inlet and measured by a calibrated oil 
manometer. Air flow rates were monitored by use of a rotameter. 
Water flow was measured with a calibratcd rotainetcr. The water 
was introduced at the top of the liquid in the vessel in four 
quadrants separated by thin baffles extending to the bottom to 
inhibit vortex formation. The drain consisted of a 6.0 mm 
diameter hole in the bottom 12.7 niin thick cap of thc vessel. 
This produced a drain consistin of a very short tube. With 

pressures and liquid heights were recorded at the points of 
incipient air inspiration into the drain. Further readings were 
taken in the two-phase flow regions at increasing air flow rates 
and pressures. 

The second setup was devised to test flows through a 3.0 imn 
diameter drain in a 7.6 cm diameter vessel. Just as in the first 
setup, the drain length was 12.7 mm. Baffles were not used in 
this setup, but procedure was adapted to eliminate drain vortex 
effects. The procedure was begun by stoppering the drain and 
then partially filling the air pressurized vessel with water. The 
water was allowed to stand nntil motion had subsided. A 
drop of dye was added to one side to indicate any vortices; then 
the drain plug was removed, allowing the water to flow into a 
2.5 cm I. D. receiver while the air pressure in the vessel was 
niaintaincd by threc-stage pressure control. Total water flow was 
measured by use of a transducer-storage oscilloscope arrange- 
ment producing a photographic record of receiver bottom static 
pressure. Water flow rates as well as heights of water reniain- 
ing in the separator vessel were obtained from differential and 
integral readings of these records. For the conditions used the 
water flow rates were very constant up to the air inspiration 
points, whereupon they dropped decidedly. Within the second 
phase (with air inspiration), the photographic records of liq- 
uid height vs. time followed an identical trace after transition 
from full liqnid flow had occurred. From the records it was 

this apparatus, water flow rates a P ong with corresponding vessel 
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Fig. 2. Liquid superficial Froude numbers for steady state vortex 
free downflow for weir flow (Souders equation) and incipient inspira- 
tion (Kalinske and Harleman equations) as functions of  H / D  ratios 
at drain, points from this study, + for D = 3.0 mm and 0 for 

D = 6.0 mm. 

possible to obtain quite accurate measurements of separator liq- 
uid heights at incipient air inspiration as well as liquid flow 
rates immediately preceding breakthrough. With sufficient care, 
drain vortices did not form (as indicated by dye streamlines); 
runs in which vortices did form were not used. In cases of 
higher flow rates a receiver water jet impact correction was 
necessary, but it was easily evaluated because of the constancy 
of flow rate. 

RESULTS AND CONCLUSIONS 

Results of this study are represented in Figures 2 and 
3. The weir flow regime was found to persist up to values 
of H / D  around 0.41. At and below this value of H / D ,  
liquid flow was self-venting and air was not pulled down. 
Just above this value, air was inspired with the liquid to 
produce a vacuum in the vessel. At higher values of H / D ,  
positive pressure was required to force air into the drain. 
In Figure 2, data points are plotted for liquid Froude 
numbers just at the point of incipient air inspiration for 
the H / D  range beyond weir flow. In Figure 3, the pres- 
sure and equivalent total head required to maintain liquid 
flow and level at steady state just below the point of air 
inspiration are shown. At pressures below the points 
shown, full liquid flow persisted in the drain. Above, two- 
phase flow persisted. In addition, for a given liquid flow 
rate and drain diameter, H was fixed at all air flow rates 
used and independent of increasing vessel pressures so long 
as two-phase flow occurred. 

In Figure 2, lines are drawn for the Souders equation, 
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the Harleman theoretical equation, and a form of Kalinske’s 
equation. The latter form is derived from Kalinske’s equa- 
tion for his experimental free flow data 

Q = C ( g D )  nH2 ( 5 )  
by setting the discharge coefficient C to his lowest experi- 
mental value of 3.36 (Kalinske, 1941). From Equation 
(5), the following conservative equation is obtained for the 
liquid Froude number: 

Fr = 4.28 ( H / D ) 2  (6) 
This equation is represented as Kalinske’s equation in Fig- 
ure 2. It can be seen that many of the experimental points 
for forced flow fall below the lines for both the Kalinske 
and the Harleman equations. A study by Lubin and 
Springer (1967) for free downflow in the water-air sys- 
tem with H / D  values from about 0.6 to 1.3 gave results 
for initial dip formation which fell along a line that can 
be shown to represent Harleman’s ( 1959) theoretical equa- 
tion [Equation (4) herein]. In Lubin and Springer’s plot, 
the experimental results are included together with those 
for various liquid-liquid systems. Their experimental results 
differ from those of Harleman’s (1959), which are best 
represented by 

The present study extends the air-water system data up to 
an H / D  value of 3.0 with a pressurized flow system instead 
of a free flow system. The relationship encompassing ex- 
perimental points herein also encompasses Lubin and 
Springer’s (1967) points for the free now air-water sys- 
tem; namely 

Fr = 2 .05(H/D)2  (7)  

lo  
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Fig. 3. Pressures associated with steody state water downflow through 
a 6.0 mm diameter by 12.7 mm length drain. P = static pressure 
above liquid surface and He = controlling pressure drop across 

drain. 
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NOTATION 1 . 6 ( H / D ) 2 1  F r L 5 . 1 ( H / D f 2  ( 8 )  
The Harleman theoretical equation proposed by Simpson 
(1968) as a design equation for minimum liquid height 
for gas-liquid separators is not satisfactory for that use. 
Instead, it is recommended that the following relationships 
be used for conservative design in critical applications: 

Fr I 1 .6 (H/D)2  (9) 

Q 1.26(g’D)’’zHZ (10) 
The equivalent head H e  represented in Figure 3 is ef- 

fectively the total static and pressure head required to 
maintain full liquid flow at steady state. The curve for 
weir flow, where the static head of liquid height H is the 
total driving force, is shown for comparison. Maximum 
steady state vacuum is attained in sucking flow just at 
the transition from weir flow to full flow. At this point, flow 
pressure drop ( H e )  is only about 0.1 cm of the total avail- 
able head represented by the length of the downcomer 
( 1.27 cni) plus H (about 0.25 cm). Liquid Euler numbers 
decrease from a maximum of about 0.9 in the H / D  range 
of 0.5 to 1.0 to about 0.6 at H / D  values near 1.5. Thus, 
true orifice entrance control is realized only at the higher 
flow velocities. Inferences normally given for use of stan- 
dard orifice equations with decrelsing discharge coeffi- 
cients at lower velocities for efflux of liquid from a vessel 
are thus incorrect for values of H / D  between 0.4 and 1.5. 
For the weir flow regime, superficial Eulcr numbers de- 
crease to zero with H/D,  since from Equation (1) 

This experimental study has been directed to gas-liquid 
systems; the experimental equation of Harleman et al. 
(1959) should still be used for design related to selective 
removal of stratified liquid or liquid from lower phases of 
decanters, etc. Converted for volumetric flow, this equation 
is 

Q = 1.61 X H 2 3  (12) 
It  is interesting to note that the diameter of the drain 
does not appear in this equation. The only geometric fac- 
tor is the lower phase height. This is a consequence of the 
assumption of a point sink. 

c =  
D =  
Eu = 
Fr = 
g =  g’ = 
H =  

H e  = 

L =  
P =  

Q =  v =  
P =  

dimensionless discharge coefficient 
inside diameter of drain, cm 
Euler number = V/d/2g‘H, 
Froude number = V / m  
acceleration of gravity, cm/s2 

height of lower liquid phase above bottom of ves- 
sel, cm 
equivalent head across drain = H + P + L for 
full pipe flow or = H for weir flow, cm HzO 
length of drain, cm 
static pressure head above lower liquid phase, cm 
HZO 
liquid volumetric flow rate, cm3/s 
liquid superficial velocity in drain, cm/s 
density, g/cm3 

g b 1  - P2)/P1 

Subscripts 

1, 2 = designation of phase or stratified layer number 
from bottom of vessel 
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The Characterization of Fixed Beds 
Porous Solids from Pulse Response 

The response of a fixed bed of porous particles through which fluid 
flows to a pulse of tracer gas has been analyzed by a number of methods. 
I t  is found that analysis of the Fourier transformed and the Laplace trans- 

HASEEB BASHI 
and 

DONALD GUNN formed response curies for small values of the parameters of the integrals 
provides accurate estimates of intraparticle diffusivity and Peclet group 
for axial dispersion when additional information provided by the experi- 
ments is used to resolve interaction between the process coefficients in 
the dynamic response. 
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SCOPE 
The response of a fixed bed of porous particles through 

which a gas flows to an injected pulse of tracer gas may 
Correspondence concerning this paper should be addressed to Donald 

Gunn. 

be used in theory to provide estimates of the process CO- 

efficients, the coefficient of axial dispersion, the intrapar- 
ticle diffusivity, the particle to fluid mass transfer co- 
efficient, and the interstitial fluid velocity. The response 
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