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INTRODUCTION 
Turner et al.1 developed the first widely used correlation for critical flow rate of gas to prevent liquid loading.  Later, 
Coleman et al.2 used lower wellhead pressure and found that the Turner method over-predicted the required critical rate by 
about 20%. The 20% is the adjustment to theory that Turner used in the original. Recently Kees7  showed a correlation of 
critical rates that show the required critical rate at lower wellhead or flowing tubing pressures, to be more than the Turner 
correlation.  This paper discusses the spread in possible predicted values of critical rates that a user could see using different 
correlations. Some low pressure measured data is presented as well.  
 
BACKGROUND  
Turner et al.1 found that a weight vs. drag model on liquid droplets fit his well data the best. His result for critical velocity is 
one where if the critical velocity is exceeded the well is predicted to not liquid load and has sufficient velocity to carry liquids 
from the well. One form of his result is:  
 
                                           Equation 1 
 
 
This equation shows that the critical velocity is a function of liquid and gas density and the surface tension between the two. 
The complete development is in Appendix A along with the definition of all terms. His final result for velocity to lift salt 
water is:  
 
              Equation 2 
 
 
The above equation includes a 20% upward adjustment to fit the data. The data used by Turner was in general for gas wells 
with a high surface pressure. Turners work was later re-examined by Coleman et al.2 and found that to fit a group of data 
from wells with lower wellhead pressures, typically well less than 1000 psi, and the equation could fit the data without the 
20% adjustment to the model.   
 
Recently Kees et al.7 presented a correlation to predict liquid loading in a group of gas wells in the Netherlands, and their 
correlation presented in Appendix B, has a trend to show that even more velocity or critical rate is necessary to prevent liquid 
loading than Turner would predict, at lower wellhead pressures. For the Shell correlation, if A = (0.1678)(Pwf,psi)(Pr,psi) / 
(Mscf/D) is equal to a value of one, then the Shell correlation indicates more rate to be above critical is necessary than Turner 
would predict. For high values of A, then the Shell correlation can show required rates less than Turner would predict.  See 
Figure B-1 to see the Shell correlation illustrated. See Figure B-2 to see a comparison of the Turner1, Coleman2 and Kees7 
correlations on ones set of coordinates.  
 
The main discrepancies seem to lie with the lower wellhead pressure data. In Appendix C, some measured data is presented 
taken at very low pressures. The data seems to come closest to the Coleman2 predications.  
 
SUMMARY 
The Turner correlation for critical velocity and rate was correlated from well data with high surface pressures. It required a 
20% adjustment to theory to fit the data best. The Coleman2 correlation found that for well data with surface pressures of a 
few hundred psi (mostly all below 1000 psi), the 20% adjustment was not required to fit the data. The Shell correlation7 is 
more detailed, but for lower wellhead pressures, it shows required velocities and rates higher than for the Turner correlation. 
For higher wellhead pressures, the Shell correlation can predict critical values lower than Turner. Measured lab data at very 
low pressures seem to fit the Coleman2 model best.  
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At present confusion exists as to what correlation to use. The Coleman2 correlation seems attractive since it uses well data 
with a few hundred psi wellhead pressures to develop the correlation and its the model without an adjustment to fit theory to 
data as Turner found. The Shell correlation is more detailed, but shows more velocity and rate needed at low pressures than 
other correlations. A better model or correlation or a more accurate and extensive data base/s can provide direction for future 
work.  
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Appendix A: 
Derivation of Critical Velocity 

 
Turner1 studied a film forming on the walls of a well beginning to liquid load and also the velocity required to move liquid 
droplets upward in a tubing flow. It was found that the model of the droplet best fit the data.  
 

 
Figure A-1: Film Model and Droplet Model Considered by Turner 

 
Considering the droplet, the downward gravity force and the upward acting drag force on the droplet are: 

 
Equation A-1 

 
 
 
                                                                         Equation A-2 
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Where: 
g =  constant = 32.17 ft/s2 
gc= 32.17 lbm-ft/lbf-s2 
d = droplet diameter 
ρL= liquid density, lbm/ft3 
ρg= gas density, lbm/ft3 

CD= drag coefficient 
Ad= droplet projected area, ft2 
Vg= gas velocity, ft/sec 
Vd= droplet velocity, ft/sec 

 
 
Set the gravity force to the drag force for the droplet: 
 
                                Equation A-3 
 
 
 
                                                                          Equation A-4 
 
   
 
Substituting Ad = πd2/4 and solving for VC gives, 
 
 
                                                                                      Equation A-5 
 
Hinze, AICHE Journal Sept 1955,  shows that droplet diameter dependence  
can be expressed in terms of the dimensionless Weber number 
 
                                                 Equation A-6 
 
 
Solving for the droplet diameter gives 
 
 
                                           Equation A-7 
 
 
substituting into Equation A-1 gives 
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                                                                        Equation A-9 
 
Turner1 assumed a drag coefficient of CD = .44 that is valid for fully turbulent conditions.  
Substituting the turbulent drag coefficient and values for g and gC gives: 
 
 
                                                              Equation A-10 
 
 
Where 
ρl=liquid density, lbm/ft3 
ρg=gas density, lbm/ft3 
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σ=surface tension, lbf/ft 
Equation A-10 can be written for surface tension in dyne/cm units using  
 lbf/ft  = .00006852 dyne/cm: 
 
        Equation A-11 
 
 
Where: 
ρL=liquid density, lbm/ft3 
ρG=gas density, lbm/ft3 

σ=surface tension, dyne/cm 
For Gas gravity, γg = 0.6, temperature, T=20 °F & Gas deviation factor, Z = 0.9 
 
                                                                                     Equation A-12 
 
 
Typical values for density and surface tension are: 
Water density  67 = lbm/ft3    Condensate density: 45 lbm/ft3 
Water surface tension: 60 dyne/cm    Condensate surface tension: 20 dyne/cm 
 
Coleman, et al., (Exxon)2 

 
         Equation A-13 
 
 
 
        Equation A-14 
 
Turner et al.1, (with 20% adjustment to fit data) 
 
 
         Equation A-15 
 
 
        Equation A-16 
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Where:  
A = area, ft2 

 
 
 
 
 
 
 
 
 
 
 
 

sftV
G

GL
C /593.1

4/1

2 






 −
= σ

ρ
ρρ

3/0031.
9.)120460(

6.715.2 ftlbmPP
G =

×+
×=ρ

( )
( )

sft
P

PV condC /
0031.

0031.45043.4 2/1

4/1

,
−

=

( )
( )

sft
P

PV waterC /
0031.

0031.67321.5 2/1

4/1

,
−

=

( )
( )
( )

sft
P

P
P

PV waterC /
0031.

0031.67434.460
0031.

0031.67593.1 2/1

4/14/1

2,
−

=






 −
=

( )
( )
( )

sft
P

P
P

PV condC /
0031.

0031.45369.320
0031.

0031.45593.1 2/1

4/14/1

2,
−

=






 −
=



 

Appendix B 
Shell Correlation, Kees et al.7 

 
 

 
Figure B.1 - Shell correlation from Reference 7 

 
The above correlation shows that at lower wellhead pressures  (FTHP), that the required critical rate is 
more than Turner. This is an opposite effect compared to what Coleman et al.2 found.  
 
The Turner Ratio (TR) is ratio between actual and Turner 
Best fit TR = 3.77 (A0.5 x FTHP) -0.172 
Inflow resistance A ~ (Pdd / Q)xPr  [ bar2 / 1000 m3/d ] 
Or: 
TR = 3.77 (A0.5 x FTHP, psi/ 14.5) -.172 
A = (0.1678)(Pwf,psi)(Pr,psi) / (Mscf/D)  
 
Example-1:  
Pwf = 300 psi 
Pr = 800 psi 
Mscf/D = 300  
A = 134  psi2/Mscf/D 
FTP = 100 psi 
TR = 3.77(134.5 x 100/14.5)-.172 = 1.77    
Or in other words, or predicted critical velocity is 1.77 times the Turner predicted value. 
 
Plotted comparisons between Turner1, Coleman et al.2, and Shell Nam7. 
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Figure B.2 - Comparison of Turner1, Coleman2 and Kees7 Predictions for Required Critical Rate 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Appendix C 
Some Measured Data 

 
Because of the scatter in predictions for critical velocity, especially at low pressures, some additional tests 
to determine critical velocity were made in the flow and plunger test facility at Texas Tech Petroleum 
Engineering Department. This consists of a two inch ID plastic tube , 40 feet high, with flow and pressure 
instrumentation and with an air supply from a compressor and a build- tank.  
 
 

 
Figure C.1 - Texas Tech Facility: 

 
Data Collection Procedure:  
 
The procedure was:  
 
Determine the rate of water flow needed (for a given gas flow rate) attempting to achieve 20 bbl-
water/MMscf.  This was done by measuring the time to flow a given volume into the tubing. 
 
Set the flow rate of air. Check to see water moving up. Run for 10 minutes and shut-off and read volume of 
fluid left in tubing. If the water level is less then reduce the gas (and liquid) and run again. If the water level 
is more then increase the gas rate (and liquid rate). If the fluid rate is constant before and after the test, then 
record the data.  
 
Some data were recorded with some back pressure on top of the tubing.  
 
The data shown in the below figure, is more in line with the Coleman et al.2 data and is not expected to 
compare exactly to any of the correlations as they all were fit to wellhead pressures, for the most part, 
greater than in the below plot.  
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Figure C.2 - Turner1, Coleman2 and some pressure air-water very low pressure data. 

 
 
The Turner critical velocity equation for salt water and natural gas is Equation A-15 
For fresh water and air it becomes:  
 
        Equation C-1 
 
 
The temperature was estimated at 90 F, the Z factor was used as 1.0 and the gravity of gas was 1.00 for air. 
Fresh water was used for testing.  
 
Also the above uses  the same surface tension value as in Turner of 60 dynes/cm for water or .00411 lbf/ft 
although water/air may be more like .00499 lbf/ft which would increase the predicted values by about 5% 
(5% larger coefficient in above equation) leaving the measurements the same.  
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