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Introduction
Tube bundles are typically used in applications where the fluid has a high density and low 
viscosity.  This is due to the old assumption that they are always the lowest pressure drop 
alternative for flow conditioning.  The basis of this assumption is simply because a tube bundle 
has a higher open area than most plate style flow conditioners.  Recent testing data has proven 
that this assumption is not correct.  In fact, the substantial length of the tube bundle may be 
causing it to have a significantly higher pressure drop under the right conditions.

This assumption about tube bundles has persisted for decades due to the lack of information 
available on tube bundle pressure loss performance.  Modern plate style flow conditioners have 
been studied much more intensely in recent years because of their common use upstream of 
ultrasonic meters.  The desire to have a low pressure drop meter run installation became critical, 
and the study of the pressure loss performance of flow conditioners in these applications became 
very important.  

Historically, most tube bundle use was upstream of AGA 3 orifice meters, where pressure drop 
was not a typical concern (given that the pressure loss across an orifice plate is usually 5 to 10 
times greater than that of the flow conditioner).  The use of tube bundles and straightening vanes 
upstream of ultrasonic meters was far less common, as these elements were unable to meet the 
performance requirements of modern flow meters. 
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Due to this lower frequency of use, far less testing has been done on USM applications using 
tube bundle flow conditioning and there is far less information available on their pressure loss 
behaviour.

From the past testing that was done, the belief was that tube bundles had a pressure loss that 
was about 30% – 40% lower than that of a plate style flow conditioner, such as the CPA 50E.  
The problem was compounded by the fact that this limited data was extrapolated to a range of 
Reynolds numbers.  Up until recently, the understanding of flow conditioner behaviour was 
largely restricted to high pressure natural gas applications.  These are scenarios where the flow 
density is low, the viscosity is low, and the fluid velocities are relatively high.

With the low prices of natural gas and the significantly increased value of liquid-based 
hydrocarbons, liquid measurement has become much more important in the world of flow 
measurement.  Yet, the understanding of the fluid dynamics and the performance of the fittings 
have not yet caught up.  Meter station installations are being designed using an understanding of 
gas measurement, yet liquid scenarios have a very different set of critical variables that must be 
considered.

This paper will study the performance of three flow conditioners: the AGA3 19-tube bundle, the 
CPA 50E plate style flow conditioner, and CPA 65E plate style flow conditioner.  Pressure drop 
behaviour across a range of Reynolds numbers will be studied to demonstrate the differences in 
performance in different fluid applications.
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Background
Reynolds Number

Reynolds number (Re) is the key variable for relating and comparing flows.  It is a 
dimensionless value and can be used for all single-phase flows (liquids, gases, etc.) Re is a ratio 
of two fluid components: the inertial forces and the viscous forces.

Reynolds number is used to describe whether a pipe flow is laminar or turbulent.  A laminar 
fluid is dominated entirely by viscosity and shear stress.  The flow profile shape is governed by 
the linear relationship between shear stress and distance from the pipe wall.  This gives the flow 
profile a peak-like, triangular shape.  Laminar fluids have a Reynolds number of less than 2300.

Turbulent flow is a combination of the viscous shear effects at the wall (a laminar boundary 
layer) and a turbulent inertia-driven core at the pipe center.  As the Reynolds number is 
increased and the fluid becomes more turbulent, the laminar boundary layer shrinks and the 
turbulent core becomes more dominant.  Turbulent fluids have Reynolds numbers greater than 
5000.

Between Reynolds numbers of 2300 and 5000 is the transition range.  Here, the fluid is neither 
laminar nor turbulent.  This region will not be discussed within this paper due to the complexity 
of the fluid behaviour.  Transitional fluids are not well understood and can cause significant flow 
and flow measurement problems.

Where:

ρ=Fluid density
V=Fluid velocity
D=Pipe wetted diameter
μ=Fluid dynamic viscosity

Inertial Forces 
Viscous Forces

ρVD
μRe = =
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Pressure Drop

Pressure drop is one of the fundamental forces when dealing with any pipe flow.  It is the 
continuous removal of energy from a pipe being driven by compressors or a pressurized 
reservoir.  Pressure drop is not constant and can be changed by many variables such as viscosity, 
velocity, fluid density, line pressure, and even wall roughness.  

Pressure drop is derived from Bernoulli’s principle (the steady flow energy equation).  Using the 
conservation of mass for a control volume (mass flow in = mass flow out), it states that at the 
boundaries of a flow volume, all energy must be accounted for.

Where:

p_1=Control volume inlet pressure
p_2=Control volume outlet pressure
ρ_1=Control volume inlet density
ρ_2=Control volume outlet density
g_1=Control volume inlet gravitational constant
g_2=Control volume outlet gravitational constant
V_1=Control volume inlet velocity
V_2=Control volume outlet velocity
z_1=Control volume inlet height
z_2=Control volume outlet height
h_friction=Energy loss due to friction from inlet to outlet
h_pump=Energy added via pumping from inlet to outlet
h_turbine=Energy lost to driving turbines from inlet to outlet

hfriction hpump hturbine=- - +
p 
ρg

V2 

2g
z

1
( )+ +

p 
ρg

V2 
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z
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When calculating pressure drop across any fitting or piece, there are several assumptions that 
take place:

• The flow is fully recovered after the obstruction, and the changes in the inlet density and 
velocity are insignificant to the accuracy of the calculation. 

• The inlet and the outlet are at the same vertical position, so the height terms cancel out.
• Gravity is the same at the inlet and the outlet.
• The fluid is not driving a turbine.
• A pump is not adding energy to the flow.

This simplifies the equation to the form shown below:

While the equation for hfriction is applicable for all Reynolds numbers, f, the friction factor is 
not.  For Reynolds numbers above 5000, the friction factor must be calculated using the Moody 
diagram (see Figure 1).  The friction factors are calculated using the Reynolds number and 
relative roughness of the pipe wall.

Where:

P1 - P2 

ρg = hfriction

hfriction = f L 
d

V2 

2g
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Figure 1: The Moody diagram.  Used for calculating the friction factor of fluid flows using 
Reynolds number and the pipe roughness.  
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For Reynolds numbers below 2300, the below equation can be used.

When dealing with Minor losses, or pressure losses due to fittings such as flow conditioners, 
orifice plates, tees, elbows, reducers, or expanders, the equation must be modified, and the 
friction factor is replaced with the pressure loss coefficient.

For piping fittings, the friction equation is modified to use the pressure loss coefficient, K.  K is 
an experimentally determined variable that represents the flow resistance of fitting with complex 
geometry.  It is used when the pressure loss coefficient cannot be calculated using simple pipe 
wall friction.  It is unique to every object placed in a pipe and is not constant; K changes based 
on the viscosity that the object is exposed to.  Understanding the relationship between a range of 
K-factors across a range of Reynolds numbers for a fitting is critical to the proper understanding 
of the pressure drop, as the K-factor can vary significantly due to viscosity.

flaminar = 64 
Re

hfriction = V2 

2g
k , K (Re)
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Flow Profile

Velocity flow profiles are one of the fundamental aspects of fluid flow measurement.  They 
show the distribution of fluid velocity in a pipe as you cross from one pipe wall to another.  At 
either wall, the flow velocity will be zero while at the pipe center it will be at its maximum.  
Ideally, perfect measurement uses a fully developed flow profile.  This is a flow profile that is 
axially asymmetric around the center of the pipe.  This is the profile that would develop after 
an infinitely long straight pipe that has a consistent wall roughness, no obstructions, and no 
direction changes.  Any change to this shape can cause significant problems to the accuracy of a 
flow meter. Elbows, tees, valves, and probes can have installation effects that distort the profile 
into an unrepeatable, and dynamic, shape.

Figure 2: The viscous shear at the pipe wall.  This behaviour is present in all liquid or gas 
measurement scenarios (Newtonian flow).  The shear is a linear relationship between flow velocity 

and distance from the pipe wall.
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Flow profiles are also valuable as they are a direct result of major pipe losses.   A flow profile 
is generated by the viscous wall force that is attempting to slow down the fluid in the pipe.  The 
drag due to this wall friction gives a flow profile its parabolic shape.  As shown in Figure 3, 
changing the viscosity (and the Reynolds number as a result) can quickly change the shape of 
a flow profile.  As the viscosity is increased and the Reynolds number is decreased, the flow 
profile becomes a peak-like, triangular shape. The increase in viscosity has increased the wall 
friction, resulting in more drag on the fluid.  This increases the size of the viscous, laminar 
boundary layer.

A theoretical, infinitely turbulent fluid would have a perfectly flat profile across the pipe, as the 
pipe wall drag and viscous effects are insignificant compared to the inertial, velocity-driven core 
of the flow.  A fluid becomes fully laminar when the viscous drag is so severe that the laminar 
boundary layers extend completely across the pipe.  There is no turbulent region at all.  This 
can occur due to a very low velocity, high viscosity, or high density.  Any combination of these 
variables that can produce a Reynolds number of below 2500 will create a laminar flow.

Figure 3: Fully developed velocity flow profiles as a function of Reynolds number.  Profiles are 
normalized so that they can easily be compared to each other.
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Liquids vs. Gases

From a fluid dynamic standpoint, liquids and gases behave the same.  They flow the same and 
experience the same frictional behaviour.  Any difference in their properties and behaviour is 
a discussion for thermodynamics and critical flow behaviour.  Thermodynamics explains how 
phases of fluids behave due to energy and temperature changes; critical behaviour explains how 
fluids operate at extreme velocities or with very large pressure drops.  In flow measurement, all 
fluids behave the same except for a fundamental difference - resistance to flow due to viscosity.  

Typically, gases are consistently turbulent while fluids can be laminar or turbulent (with a strong 
dependence on Reynolds number). From a practical standpoint, the range of process conditions 
that are experienced in gas measurement results in negligible changes in the fluid viscosity 
and K-factors.  The range of conditions seen in gas measurement cannot cause a large enough 
shift in the Reynolds number to give an appreciable change in the pipe wall drag, pressure loss 
coefficient, or the flow profile shape.  Any large shifts in wall drag and flow profile shape that 
do occur in gases can instead be attributed to large changes in the pipe wall roughness and an 
increase in the wall friction factors calculated from Moody’s diagram (Figure 1).  This behaviour 
can often be used for diagnostic purposes to help determine if the pipe wall roughness of a flow 
meter installation has changed during its operation.

When dealing with liquids, there is a significantly larger range of conditions that can be 
experienced.  Liquids can have a very large operational range of densities and viscosities.
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Tube Bundles vs Plate Flow Conditioners

Tube bundles are typically used in low Reynolds number, high viscosity applications where 
minimizing pressure drop is important.  This is simply because they have a lower open area than 
modern plate style flow conditioners.  Yet if conditions are right, a tube bundle can easily have a 
much higher pressure drop than a plate flow conditioner.

Isolated plate style flow conditioners, such as the CPA 50E or CPA 65E, are machined out of 
single pieces of steel, so they are completely solid except for their fluid passages.   Tube bundles 
are exactly as they sound; they are a series of tubes that are welded together in a symmetrical 
array. As a result, tube bundles have two sets of fluid passages: the passages within the interior 
of the tubes, and the exterior passages between the tubes themselves.

If an AGA 3 Tube Bundle has an open area that is approximately 25% - 50% greater than that of 
a CPA 50E or 65E, why would it have a higher pressure drop?  This is due to the length of the 
devices in question.  A CPA 50E has a length that is only 15% of the internal pipe diameter (pipe 
ID), a 65E has a length that is 33% of the pipe ID. An AGA 3 Tube Bundle has a length that is 
twice that of the nominal pipe size.  For this study, which used 12 Schedule 40 Pipe, that works 
out to a length of 1.79” for the CPA 50E, 3.88” for the 65E  and a length of 25.5” for the tube 
bundle.  As a result, AGA 3 Tube Bundle can have a much larger amount of surface area than a 
plate style flow conditioner!

Tube Bundle CPA 50E CPA 65E

Open Area (m^2) 0.0516 0.0346 0.0421

Porosity (%) 71.5% 47.9% 58.3%

Figure 4: Comparing the open pipe area of the AGA 3 19-Tube Bundle to a CPA 50E and CPA 65E.  Pipe size 
studied was 12” Schedule 40.
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Computational Fluid Dynamics

When studying the pressure drop of most fittings, only the minor loss equation needs to be 
considered due to their short length.  Tube bundles are a rare case where the minor losses of the 
flow conditioner inlet and the major losses of the tube length must both be used.  Adding these 
up can result in significantly larger pressure drops.

A Comparison of Pressure Loss Between the AGA 3 19-Tube Bundle,  
CPA 50E, and CPA 65E

For this study, the AGA 3 19-Tube Bundle,  CPA 50E, and CPA 65E were compared across a 
range of Reynolds numbers and viscosities.  The pressure drops across the flow conditioners 
were then recorded and compared.  Computational Fluid Dynamics (CFD) analysis was used to 
maximize the accuracy of the testing.  By eliminating any unwanted uncertainty, the study can 
precisely target the fluid dynamic behaviour in question.  

The study focuses on a theoretical best-case scenario for both flow conditioners to give the 
best possible results for pressure drop behaviour.  For both the CPA 50E and 65E, the model 
was fully chamfered and had a surface roughness to match a production version of the flow 
conditioners.  For the AGA 3 19-Tube Bundle, a series of assumptions had to be made:

• There are no welds on the exteriors of the tubes.  While this increases the flow area of the 
flow conditioner, it also reduces the surface roughness.

• The interior and exterior of the tubes have a honed/polished finish.
• The gaps between the tubes are not filled by welds or a flange face.  This maximizes the 

flow area of the tubes and reduces the initial entrance pressure drop.
• The tube wall thickness is 2.0% of the pipe ID.

For the CFD simulations, the following properties were used:

• Velocities of 5 m/s to 25 m/s were studied.
• Line pressure was 7000 kPa.
• Fluid viscosities were changed so that a range of Reynolds numbers from 400 to 

30,000,000 could be compared.
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Using these properties, various scenarios were run, and the pressure drops were compiled.  
The pressure was recorded at one pipe diameter upstream of each flow conditioner and then at 
various points downstream.  Multiple downstream points were used to find the point where the 
flow had fully recovered after the flow conditioner.

Once the pressures had been recorded, the K-factors for each flow conditioner were calculated 
using the below equation. 

Figure 5: Computational Fluid Dynamics (CFD) screenshot of the flow conditioner model.  Lines represent 
points where line pressure was measured to calculate the most accurate pressure loss possible.

P1 - P2 = ρV2 

2
k
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Results

Using CFD, the below data sets were compiled.  These sets show the pressure loss coefficient for 
the CPA 50E and CPA 65E flow conditioners and an AGA 3 19-Tube Bundle across a range of 
Reynolds numbers.

Pressure Loss Coefficient vs Reynolds Number
Tube Bundle K-Factor
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Figure 6: Comparing the pressure loss coefficients of the AGA 3 19-Tube Bundle to a CPA 50E and CPA 65E 
plate style flow conditioner.
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The minor losses of the flow conditioners in question can not be easily calculated, as they 
must be determined experimentally.  This is typical of any piping fitting such as tees, reducers, 
expanders, or orifice plates, etc.  The best way to study the minor losses is by testing the devices 
in fluids with very high Reynolds numbers and extremely smooth pipe walls.  This allows the 
significance of the major losses to be effectively ignored as the wall friction becomes negligible. 

By calculating the pressure loss coefficients, it was found that the pressure drop performance 
of the tube bundle wasn’t as simple as originally thought.  For Reynolds numbers of roughly 
300,000 – 30,000,000, the AGA 3 19-Tube Bundle tested had a pressure drop that was roughly 
20% - 30% less than that of the CPA 50E.  This covers a majority of high- and low-pressure 
gases as well as turbulent liquids like water.

From a Reynolds number of 10,000 and below, the pressure drop from the AGA 3 19-Tube 
Bundle quickly gets significantly large compared to the CPA 50E.  At a Reynolds number of 450, 
the K-factor for the tube bundle is 18, compared to the CPA 50E’s K-factor of 5.14.  This means 
that at flows that are at this Reynolds number, the tube bundle will have a pressure drop that is 
approximately 3.5 times higher than that of the CPA 50E.

The CPA 65E was included to demonstrate that properly engineered plate style flow conditioners 
can also have pressure drops that are similar to or less than that of the tube bundle across the 
entire Reynolds number range.
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Reynolds 
Number

Tube Bundle 
K-Factor

CPA 50E 
K-Factor

Difference 
between TB 
and 50E (%)

CPA 65E 
K-Factor

Difference 
between TB 
and 65E (%)

32627069 1.40 1.98 41% 0.99 -29%
3250553 1.41 1.99 42% 1.00 -29%
328753 1.45 2.04 40% 1.04 -28%
101594 1.55 2.11 36% 1.11 -28%
33413 1.79 2.27 26% 1.25 -30%
16837 2.11 2.44 15% 1.41 -33%
10258 2.49 2.63 5% 1.59 -36%
6953 2.93 2.83 -4% 1.77 -40%
1360 7.72 5.37 -30% 4.20 -46%
443 18.00 9.38 -48% 8.19 -54%
109 30.85 14.38 -53% 13.18 -57%

Figure 7: Comparing the pressure loss coefficients of the AGA 3 19-Tube Bundle to CPA 50E and 65E 
Flow Conditioners.
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Conclusion
This study has shown that the pressure drop of piping fittings can be quite 

complicated.  As with any discussion, context is extremely important, and the 

findings of these calculations confirm that.  The published K-factors for flow 

conditioners in the various measurement standards can be dangerous to use due to 

their lack of context.  The conditions that were used to calculate these K-factors 

were not disclosed, and there was no information provided on how to properly 

apply them to a specific measurement scenario.

It was always thought that straightening vanes and tube bundles were the best 

choices for flow conditioning liquids due to their lower pressure drop.  The lower 

pressure drop assumption exists for two main reasons: 

1. The posted pressure drops in high pressure natural gas applications is lower 

than those for plate flow conditioners; and 

2. The significantly higher open flow area will result in a lower obstruction of the 

flow.  



19

It was also assumed that the length of the tubes would help compensate for 

the lower pressure drop when considering the overall effectiveness of the flow 

conditioner.

Fluid dynamics has shown that this assumption not correct.  An AGA 3 19-Tube 

Bundle does have a higher open area than a CPA 50E or CPA 65E.  This results in 

a lower entrance loss.  Depending on the circumstances though, the pressure loss 

of the tube bundle can quickly eclipse that of the plate.  This is because the length 

and surface friction of the tube bundle can give a significantly higher pressure 

drop.

 Tube Bundle CPA 50E CPA 65E
Open Area (m^2) 0.0516 0.0346 0.0421

Porosity (%) 71.5% 47.9% 4.2%

Flowing Surface Area (m^2) 4.740 0.148 0.303

Figure 8: Comparing the open area and flowing surface area of a tube bundle to a plate flow 
conditioner.
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As Figure 8 shows, the AGA 3 19-Tube Bundle can have a flowing surface area that is 
approximately 32 times higher than that of the CPA 50E, and 15 times higher than that of a CPA 
65E.  The term “flowing surface area” refers to the wetted surface of the object that the fluid 
must flow across.  For a tube bundle (or any similar straightening vane) one must consider the 
insides of the passages, the outside of these passages, and the surface of the actual pipe as all 
being a part of the flowing surface area.

The pressure drop of a flow conditioner has two significant components:  the pressure loss of 
the fluid entering the device, and the friction losses of the fluid flowing through the device.  In 
turbulent fluids, the friction factor (as calculated by the Moody diagram) is quite low.  In the 
overall calculation, the friction factor becomes insignificant and the determining factor in the 
pressure drop is actually the entrance losses due to the restriction in the flow area. At lower 
Reynolds numbers, problems cause higher viscosity results in a higher friction factor and the 
surface area starts generating more friction.  As a result, the frictional losses result in a pressure 
loss that quickly overwhelms the entrance losses.  As shown in Figure 9, an AGA 3 19-Tube 
Bundle has 49 fluid passages to deal with: 19 cylindrical, 6 (approximately) rectangular, and 24 
(approximately) triangular!

Figure 9: A CFD cutaway showing the active fluid passages in an AGA 3 19-Tube Bundle.
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This study was performed using the best-case scenario when it comes to a tube bundle, 
because the American Gas Association Report No. 3 (AGA 3) has large allowances on the final 
dimensions and quality of the finished product.  It was assumed that the exterior of the pipe was 
as smooth as the interior, and that no welds were present.  It was also assumed that there were 
no blockages in the exterior passages, that the holes were fully chamfered on the inlet and outlet, 
and that there was no upstream flange plate.  The following changes could significantly affect 
the resulting pressure drop:

• The AGA 3 has allowances on the range of the wall thickness of the tubes.  This study 
used a thickness of 2% of pipe ID.  The AGA 3 allows thickness up to 2.5% to be used.  
Thicker tube walls would significantly reduce the flowing area.

• The physical welding of the tubes together can increase the friction factor and resultant 
pressure losses on the exterior of the tubes.

• Blocking the inlets of the exterior passages will reduce the overall exterior surface area 
but increase the initial entrance losses.  The AGA 3 states that in pipe sizes of 4” or less, 
the exterior passages can be sealed.  Doing so will reduce the surface area by about 65% 
but also reduce the inlet open area to 43.2% of the total pipe area, compared to the open 
area of 47.7% for the CPA 50E.  So, while the frictional losses due to the surface area 
will be reduced, the initial pressure drop will increase across the entire Reynolds number 
range.
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• This study was performed using a tube bundle that has a length twice that of the nominal 
pipe size (NPS).  The AGA 3 states that this applies to tube bundles in pipes larger than 
NPS 4”.  The AGA 3 also states that tube bundles in NPS 2” pipe will have a length of 3 x 
NPS, which results in a surface area increase of 50%. Tube bundles in pipes greater than 
NPS 2” and less than or equal to NPS 4” will have a length of 2.5 x NPS, which gives a 
surface area increase of only 25%.

• In a 2” tube bundle, with the exterior outlet passages closed, the open area is 43.2% with 
a flowing surface area that is still 19 times greater than that of a CPA 50E.  In a 3” tube 
bundle, the open area is the same, but the flowing surface area is 16 times greater than that 
of the CPA.  In these circumstances, the tube bundles will still have a significant amount 
of pipe wall friction but now they must also deal with much higher entrance losses as well.

This study has found that AGA 3 19-tube bundles are not typically the low pressure drop 
device that they are commonly assumed to be.  In a limited Reynolds number range, they have 
a marginally lower pressure drop than a CPA 50E, but are still have higher losses than a CPA 
65E.  In lower Reynolds number applications with more viscous fluids, the tube bundle can 
easily have a pressure drop that is an order of magnitude higher than that of both plate style flow 
conditioners.  While this study just focused on behaviour in ideal piping circumstances with 
fully developed flow, future studies will also need to study the impact of installation effects such 
as swirl and profile distortion on this pressure drop behaviour.
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