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Abstract The big difference between maximum 

and minimum up flow velocity in a fuel gas Knock 

Out Drum (without feed distributor) explains the 

poor performance of this industrial equipment. The 

up flow fluid velocity profile was determined with 

CFD assistance for two models of feed distributors. 

The highest up flow velocity was reduced from 5.1 m/s 

to 1.9 m/s for the proposed feed distributor. Calcula-

tions have showed the capacity of the feed distributor 

to reduce the maximum droplet diameter carried by 

the fuel gas from 1,532 μm to 675 μm. This device was 

built and installed in an industrial equipment. The 

Residence Time Distribution (RTD) was measured by 

analyzing the response to a tracer pulse injection. The 

RTD data has confirmed the improvement of flow 

uniformity inside the Knock Out Drum. Besides, the 

maintenance team feedback has confirmed the reduc-

tion of 58% of burner’s failure rate relative to the pre-

vious value.  

Keywords Computational Fluid Dynamics; feed 

distributor; Knock Out Drum; liquid entrainment; 

Residence Time Distribution. 

I. INTRODUCTION 

Many refineries and petrochemicals plants produce the 

fuel gas consumed in their own process. This fuel gas is 

composed basically of methane and hydrogen. The sepa-

ration of fuel gas from its impurities, including liquid 

droplets, is a key issue for the modern and sensitive low 

NOx burners (Platvoet and Baukal, 2013; Dragomir et 

al., 2010).  

There are many types of liquid impurities present in 

the fuel gas, causing trouble for the burners (Sazhin et al., 

2006), the main one is the heavy oil formed in the cata-

lytic reactors and adsorbent beds, known as green oil, and 

removed from these beds during the regeneration proce-

dure. Methane is usually used for stripping these beds 

(the first step of the regeneration procedure), before it is 

sent to the fuel gas pool. The most common approach to 

remove this oil from the fuel gas sent to the burners is to 

feed the fuel gas into a Knock Out Drum (Jekel et al., 

2001). 

However, after a plant revamp project (plant capacity 

increasing) the capacity of several equipments is pushed 

to the limit. One of these equipments is the fuel gas 

Knock Out Drum that may become too small to ensure 

fuel gas proper quality. In order to overcome this limita-

tion, many kinds of internal devices could be used, in-

cluding mist eliminators and inlet flow distributors (Al-

Dughaither et al., 2010). Eventually, mist eliminators 

should be avoided due to the risk of oil accumulation in 

this device, resulting in a too high pressure drop. An ex-

cessive pressure drop in this part of the process implies 

an undesired plant shut down. In this case, a well-de-

signed feed flow distributor could save the investment to 

replace the equipment for a bigger one. 

In order to solve an industrial issue (poor perfor-

mance of fuel gas Knock Out Drum), the flow distribu-

tion was studied for two designs of flow distributors by 

carrying out virtual experiments. It has been recognized 

that flow distribution uniformity is associated to a proper 

Knock Out Drum performance (Bagul et al., 2013). 

Virtual experiments, when applied to problems in-

volving fluid motion, could be carried by using Compu-

tational Fluid Dynamics, or CFD, a set of numerical re-

sources used to describe the momentum, energy and mass 

transfer, associated with fluid flow and its interactions 

with the physical geometries (Vedovoto et al., 2015). 

CFD is currently an important interdisciplinary tool 

(Mavriplis, 2012), in particular, it has been applied to 

achieve a better performance in many industrial equip-

ment where a high uniformity of flow distribution is re-

quired (Oliveira et al., 2012). CFD can reduce drastically 

the number of necessary experiments to develop projects 

and consequently reduces the cost of implementing them 

(Patankar, 1980; Ranade et al., 2011). 

The Navier-Stokes equations are solved simultane-

ously in an iterative process to achieve a final solution. 

However other equations (kinetic models, vaporization, 

condensation, adsorption turbulence etc.) can be associ-

ated until a suitable description of the physical process is 

produced (Maliska, 2010). CFD techniques were devel-

oped in the most general way possible, to be used in al-

most any industrial application to allow the user to visu-

alize the handling of equipment in a way that cannot be 

matched by real world measurements. 

This investigation uses RTD (Residence Time Distri-

bution) to characterize the flow within the vessel. RTD is 

an useful resource to evaluate how uniform is the velocity 

distribution inside the equipment (Naumann, 2008; Mar-

tin, 2000; Froment and Bishoff, 1990). 

The main objective of this study is to present a meth-

odology, based on CFD, to evaluate the influence of the 

feed flow distributor on the maximum droplet diameter 
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carried by fuel gas in this Knock Out Drum. This meth-

odology was applied in a troubleshooting related to an 

under designed fuel gas Knock Out Drum, currently in 

operation in a petrochemical plant. This issue has caused 

damage in the fuel gas burners, resulting in high mainte-

nance cost and high rate of burners replacement. 

II. METHODOLOGY 

A. Geometrical configuration and specifications of the 

drum considered  

A simplified drawing of a typical Knock Out Drum is 

shown in Fig. 1. However, the fuel gas Knock Out Drum 

analyzed in this study does not include a mist eliminator. 

Its absence is due to the risk of blocking it with oil accu-

mulation. 

The pressure drop in the Knock Out Drum, during the 

entire plant run length, should be kept as low as possible. 

This device must work continuously for five or six years 

without any kind of maintenance, in order to match with 

the industrial plant run length. The internal design of a 

fuel gas Knock Out Drum should be kept as simple as 

possible to avoid potential blockages due to internal fail-

ure or fouling accumulation. The feed flow distributor 

should not retain oil, or eventual solids, fed together with 

the fuel gas. 

In the system investigated, liquid concentration in the 

fuel gas is usually lower than 0.05% weight. This infor-

mation has been obtained experimentally by measuring 

the quantity of oil drained from the fuel gas Knock Out 

Drum compared with the quantity of fuel gas fed to it in 

a same period. 

Initially, green oil characteristics were determined 

based on several samples collected from the drain located 

at a low point of the fuel gas header, downstream  
 

 
Fig. 1. Simplified representation of a typical Knock Out Drum. 

(Source: author). 

Table 1. Oil and gas characteristics, Knock Out Drum opera-

tion pressure and temperature and vessel diameter. 

Knock Out Drum feed temperature 27.0°C 

Knock Out Drum feed pressure 3.50 kgf/cm2g 

Fuel gas viscosity at feed process conditions 0.0114 cP 

Fuel gas mass density at feed process condi-

tions 

2.184 kg/m3 

Liquid mass density 1,012 kg/m3 

Knock Out Drum internal diameter 1,980 mm 

Fuel gas composition 
Methane 95% weight 

Hydrogen 5% weight 
 

the fuel gas Knock Out Drum (where it is not expected, 

neither desired, finding oil accumulated) . This header is 

responsible for sending fuel gas to the burners. In fact, it 

is not desirable to find oil in this header. It happens due 

to the poor knock out of the oil present in the fuel gas 

(this Knock Out Drum is too small for the required ser-

vice).  

The basis of calculation for the fuel gas composition 

was determined by an on line chromatograph analyzer, 

with FID detector. Fuel gas properties (mass density and 

viscosity) were estimated by Hysys Process Simulator 

(property package: Peng-Robinson, an appropriate VLE 

equation to low pressure system formed by non-polar hy-

drocarbons) (Ramdharee et al., 2013). Fuel gas flow rate 

assumed in the calculation was 30,000 kg/h. Oil and gas 

characteristics, Knock Out Drum operation, pressure and 

temperature, besides vessel diameter, are shown in Table 

1. 

After the simulation of the Knock Out Drum “as is”, 

without any feed distributor, it was simulated again with 

the selected models of feed distributor under the same 

process conditions. Two models of feed distributor were 

evaluated, as shown in Fig. 2. 

The Model 1 is a curved plate, parallel to the vessel 

wall (280 mm from it), located inside the vessel, just in 

front of the inlet nozzle. This curved plate has 42 holes 

with 10 mm diameter. The Model 2 is formed by 10 ver-

tical vanes, located inside the vessel, just in front of the 

inlet nozzle. The angles of these vanes favor to reduce the 

momentum and to distribute the flow uniformly. 

The free areas for both feed distributor models are big 

enough to minimize the possibility of fouling accumula-

tion during the plant run length, typically between 4 and 

6 years.  

B. CFD model and numerical approach 

In fact, the stream fed to the Knock Out Drum has two 

phases (gas and oil). ANSYS Fluent includes several 

multiphase models, in Lagrangian and Eulerian ap-

proaches (ANSYS, 2011). However, this CFD simulation 

will assume a single phase stream, without considering 

the presence of oil droplets in the fuel gas. This simplifi-

cation is justified by the low oil concentration in the fuel 

gas, not big enough to modify the velocity field inside the 

Knock Out Drum. The assumption of single phase to de-

termine numerically the flowing characteristics is reason-

able, once it is not expected these droplets could change 

the flowing characteristics or velocities field. 
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Fig. 2 - Feed distributor models evaluated. 

Incompressible Navier-Stokes equations (represented 

in the Eq.1 in a general form, without energy balance) 

were used to model the gas flow inside the Knock Out 

Drum at steady state condition. The CFD calculations 

were performed in a Finite Volume approach by the com-

mercial software ANSYS Fluent in a steady state mode, 

3D, single phase and double precision. It was employed 

a pressure-based Navier-Stokes solution algorithm. The 

turbulence model applied was the k-ε and the density was 

calculated by the Peng–Robinson VLE model. The cal-

culation of energy in the model was disabled, once there 

is no reaction and the system is adiabatic. 

The non-structured 3D grid was formed by 3 million 

tetrahedra, built by software ICEM CFD Fluent. Usually 

a non-structured grid is recommended for complex ge-

ometry (Fell, 2009). The criteria adopted to ensure mini-

mum grid quality are listed in Table 2.  
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where η denotes the dynamic viscosity, u the velocity 

vector, ρ the density of the fluid, and p is the pressure. 

Once the simulation was run in a steady state mode,  u/ 

 t=0. 

It was performed a grid sensitivity analysis, and con-

firmed that a higher resolution discretization does not af-

fect the results. To confirm the grid-independent veloci-

ties profiles under specified operation conditions, it was 

verified the simulations results varied less than 0.1%, af-

ter the number of cells has been increased from 3 to 4 

million tetraedra. 

 

Table 2. Grid quality criteria. (Zikanov, 2010) 

Parameter Reference 

Skewness: <0,95 

Aspect ratio of tetrahedral cells: <5 

Minimum angle: >18 

Orthogonal quality: >0,05 
 

The maximum scaled residual (calculated by Fluent) 

accepted in simulation for mass imbalance (continuity), 

momentum and turbulence parameters (k and ε) were 

1.10-4. However, this is not enough to guarantee the con-

vergence has been reached. Once achieved this residual, 

it was run more 103 iterations to ensure the variation of 

the velocity in a same point is lower than 0.1%. Inlet pro-

cess conditions were set, from where the simulation 

started (the simulation has started from inlet). 

C. Determination of maximum droplet carry over 

Once defined the droplet mass density and assumed the 

perfect spherical shape for this droplet, the maximum 

droplet diameter carried over is the function of the verti-

cal fluid velocity. The uniformity of the velocity is ana-

lyzed at 1,500 mm above the inlet nozzle center line. 

Above this point it is expected to start the outlet vortex. 

The calculation strategy was (i) to determine the max-

imum vertical velocity using CFD techniques at 1,500 

mm above the inlet nozzle and (ii) to calculate the maxi-

mum droplet diameter for which its own weight (w) is 

equal to drag force (FD) to the maximum vertical fluid 

velocity, theoretical scenery when the droplet reaches a 

static equilibrium.  

The drag force exerted by the fluid on a droplet, of 

whatever format, can be calculated by the Eq. 2 (Perry 

and Green, 1997), while the droplet weight is given by 

the Eq. 3. 

 
2

2uAC
F

pD

D


  (2) 

where FD is the drag force exerted by the fluid flowing 

on the droplet, CD is the drag force coefficient, Ap is the 

droplet projected area on the plane orthogonal to the flow 

direction, ρ is the fuel gas mass density and u is the rela-

tive velocity between the droplet and the flow, consider-

ing only the vertical component for both, droplet and 

fluid velocities. 

 
pgmp   (3) 

where p is the droplet weight, g is the gravitational accel-

eration (9.81 m/s2) and mp is the droplet mass. 

The limit condition to knock out the droplet is that its 

weight should be, at least, equal to the drag force applied 

by the fluid on the droplet, as described in Eq. 4. This 

equation describes the forces equilibrium acting on the 

droplet when the weight of the droplet has to be balanced 

by the upward drag force. 

 pFD  . (4) 

Here is introduced a simplification. It has been as-

sumed that droplets are perfectly spherical. Based on this 

assumption and replacing the Eq. 2 and Eq. 3 in the Eq. 

3, the droplet entrainment phenomenon could be de-

scribed mathematically by the Eq. 5. 
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where D is the droplet diameter and ρd is the droplet mass 

density. CD is a function of Rep=uρD/μ. In the intermedi-

ate regime (0.1 < Rep < 1,000), the drag force coefficient 

may be estimated within 6 percent of accuracy by the Eq. 

6 (Perry and Green, 1997). 
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So, the Eq. 5 can be rewritten, resulting in the Eq. 7. 
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p
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

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Once all the terms of the Eq. 7 were determined, ex-

cept the droplet diameter (D), we are able to solve this 

equation by using the maximum vertical velocity identi-

fied by CFD simulation at the referred height. The New-

ton’s method was used to solve this equation. 

So, D is the maximum droplet diameter carried over 

by the fluid in the Knock Out Drum. The maximum al-

lowed droplet diameter carried over depends on the 

burner design. In this case, based on burner manufacturer 

recommendation, the fuel gas Knock Out Drum should 

retain droplet with diameter above 50 μm. 

D. RTD measurements 

The performances of two different designs of feed flow 

distributor were quantitatively compared with the “as is” 

situation (no feed flow distributor). 

Once the feed distributor is able to achieve a more 

uniform flow distribution, it is expected this device pro-

vides a reduction of the maximum droplet diameter car-

ried by fuel gas. It was not possible to measure directly 

the liquid droplet diameter distribution inside the drum 

and neither were studied the factors that affect this drop-

let diameter spectrum. It just has been assumed that the 

feed distributor doesn’t affect the droplet diameter spec-

trum.  

The effectiveness of the Knock Out Drum modifica-

tions was quantified by Residence Time Distribution 

(RTD) experiments. The methodology consisted in intro-

ducing almost instantly a very small volume of a concen-

trated tracer at the inlet (a pulse). Although an infinitely 

short injection cannot be produced, it can be made a much 

smaller one than the mean residence time in the drum 

(Choi et al., 2004; Lopes et al., 2002).  

The RTD was determined experimentally by injecting 

a non-reactive chemical tracer (a bullet of carbon mon-

oxide, pressurized at 20 kgf/cm2g) in the inlet of the 

Knock Out Drum. The tracer concentration was meas-

ured in the equipment outlet. The small quantity of tracer 

is not enough to modify the physical characteristics of the 

fluid (density, viscosity) neither the fluid dynamic char-

acteristics. 

If a mass of tracer is introduced into the equipment 

feed, the resulting curve of outlet tracer concentration, 

C(t), can be transformed into a dimensionless residence 

time distribution curve, E(t), by the Eq. 8. 
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The function E(t) has the property described by the 

Eq. 9. 

 .1)(
0
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The RTD variance, or square of the standard devia-

tion of the RTD, is calculated using the Eq. 10 (Choi et 

al., 2004). 

  
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where tm is the mean residence time, which is calculated 

by integrating the Eq. 11. 

 



0

)( dtttEtm
. (11) 

Qualitatively, the impact resulted from the modifica-

tions implemented in the fuel gas Knock Out Drum was 

verified during the furnace burners routine inspections. It 

has been observed that the high quantity of oil present in 

the fuel gas fed to the burners is responsible for the high 

frequency of burner malfunctions, resulting in a high rate 

of burner’s replacement. 

III. RESULTS AND DISCUSSIONS 

The up flow fluid velocity contours in a cross section cut 

of a 3D simulation at 1,500 mm above the feed nozzle is 

shown in Fig. 3 for the base case (without feed distribu-

tor), with feed distributor Model 1 and with feed distrib-

utor Model 2. The big difference between maximum and 

minimum velocity for the base case explains its poor per-

formance. The Model 2 has presented a more uniform ve-

locity distribution, compared to Model 1 and base case. 

Above this point, the outlet vortex will increase its veloc-

ity dispersion. 

Table 3 summarizes the calculation results. The feed 

distributor Model 1 is able to reduce the maximum drop-

let diameter carried over from 1,532 μm (base case) to 

1,133 μm. However, feed distributor Model 2, more effi-

cient than Model 1, reduces the maximum droplet diam-

eter carried over to 675 μm. The better performance of 

Model 2 is due to the reduction of maximum vertical ve-

locity, from 5.1 m/s in the base case to 2.6 m/s. The Reyn-

olds number was calculated based on maximum up flow 

velocity in the reference cut (1,500 mm above the feed 

nozzle).  
 

 
Fig. 3 - Vertical fluid velocity contours (1,500 mm above feed 

nozzle). 
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Table 3. Calculation Summary. 
Parameter No feed dis-

tributor Base 
case 

Feed 
distributor 
Model 1 

Feed 
distributor 
Model 2 

Maximum  velocity 

(m/s) 

5.1 4.0 2.6 

Reynolds number 1,307 758 293 

Carry over 

coefficient (Cd) 

0.409 0.491 0.693 

Droplet drag force 

(μN) 

1.3915 0.2557 0.0097 

Maximum droplet 

diameter carried 

over (μm) 

1,532 1,133 675 

 
Fig. 4 - Horizontal fluid velocity contours (feed nozzle center 

line height). 

 
Fig. 5 - Wall shear stress at the opposite side of feed nozzle. 
 

The numerical simulation predicted the knock out 

pressure drop. For the base case, comparing inlet and out-

let, the calculated pressure drop is 22.7 mmH2O. For 

Model 1, the estimated pressure drop is 26.6 mmH2O and 

for Model 2, this value is 25.6 mmH2O. In fact, the feed 

distributor causes such a small increment of pressure 

drop that is insignificant. 

As shown in Fig. 4, the high fluid velocity through the 

feed distributor in Model 2 (around 11 m/s) results in two 

main concerns: Vibration and erosion. So, it is necessary 

to design proper supports in order to minimize vanes vi-

bration and to use a hard material, once it is an erosive 

service.  

The Fig. 5 shows the influence of the feed distributor 

(Model 2) on the wall shear stress, compared to the base 

case. This is an important issue when solids particles or 

droplets are present in the fuel gas fed to the equipment 

at high velocity, as it could results in wall erosion after 

years of continuous operation. In according to the CFD 

simulation, the maximum wall shear stress in the base 

case (0.0318 Pa, in the opposite side of the inlet nozzle) 

has reduced to 0.0172 Pa at the same process conditions 

when the feed distributor has been installed. 

The feed distributor Model 2 was built and installed 

in an industrial fuel gas Knock Out Drum. Model 2 ge-

ometry details are represented in Fig. 6. The flowing uni-

formity could be verified by the experimental Residence 

Time Distribution. 

The RTD variance (described by Eq. 10) for the base 

case, calculated from de response to a pulse injection, 

was 0.93 s2. After the feed distributor installation, under 

the same process conditions, this RTD variance was re-

duced to 0.47 s2. These results confirm an improved flow 

distribution inside the drum, consistent with the CFD 

simulation. 

The proposed and installed feed distributor to the fuel 

gas Knock Out Drum has resulted in a significant oil en-

trainment reduction (based on the oil draining frequency 

from the fuel gas main header to the burners), but not 

enough to match the usual burner manufacturer recom-

mendation (maximum droplet diameter: 50 μm), for what 

would be required a maximum vertical fluid velocity in-

side the drum lower than 0.80 m/s. 

Additionally, based on the maintenance team feed-

back, the installation of the fuel gas Knock Out Drum 

feed distributor resulted in a significant reduction of foul-

ing accumulation in the burners. Thereby, the MTBF 

(Medium Time Between Failures) for the burners, an im-

portant and usual maintenance index, has increased 72% 

(corresponding to 58% reduction of the burners failure 

rate in comparison to the previous value), resulting in a 

positive impacting on maintenance costs and equipment 

availability for operation. This information confirms the 

prognostic of the CFD simulation. 

Due its simplicity, low cost and high mechanical ro-

bustness, the proposed feed distributor (Model 2) has ad-

vantage over other popular type of feed distributor, the 

schoepentoeter, a vane-type distributor developed by 

Shell (Kharoua et al., 2013). 

 
Fig. 6 – Details of the Model 2 feed distributor geometry.  
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IV. CONCLUSIONS 

This study presents a methodology to evaluate the influ-

ence of the feed flow distributor on the maximum droplet 

diameter carried by the gas in an industrial Knock Out 

Drum, using CFD.  

In order to illustrate its application, it has been evalu-

ated the performance of two geometrical designs of feed 

distributors against a base case geometry of a fuel gas 

Knock Out Drum using single phase CFD simulation 

from the Fluent commercial package. Droplet equilib-

rium in a gas flow was used to determine the cut off size 

Experiments on residence time were implemented to sub-

stantiate the CFD findings. 

The CFD simulation of the base case (without feed 

distributor) indicated that a droplet could be carried over, 

unless its diameter would be greater than 1532 µm. This 

result is consistent with the high burner’s failure rate re-

ported by the maintenance team. 

Two different models of feed distributors were eval-

uated. The most efficient one was a simple and robust 

multi-vane type distributor. The CFD simulation has in-

dicated this device could reduce the maximum droplet di-

ameter carried by the fuel gas from 1532 to 675 μm, with 

a negligible additional pressure drop. 

This feed distributor was installed in the industrial 

equipment. The influence of the feed distributor on the 

RTD, showed a significant improvement on velocity dis-

persion inside the Knock Out Drum, in according to the 

CFD prognostic. As consequence, the maintenance team 

feedback has confirmed the reduction of burner failure 

rate to 58% of the previous value, with significant impact 

on maintenance costs and equipment availability for op-

eration. 
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