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ABSTRACT 

Treatment of gas by liquid absorption is a common unit operation in industry. 

Traditionally, contact between the gas and liquid is accomplished in co-current flow utilizing a 

tower or column. With the increased demand for natural gas and renewable gas, higher treating 

capacities for new installations and methods for de-bottlenecking existing plants are needed. Co-

current gas treating with static mixers is an increasingly attractive alternative for process 

intensification. The corrugated plate (SMV-style) mixer is currently the most widely used mixing 

element for gas-continuous mixing with a liquid phase and has been recommended as the best 

standard option for this service [1]. These geometries are also used as structured packing for 

counter-current service. Unfortunately, the pressure loss correlations available to the design 

engineer are sparse and only valid up to 𝑅𝑒𝐺 < 50,000. In contrast, most gas pipelines operate in 

the range of 105 < 𝑅𝑒𝐺 < 10
7. Additionally, no robust multiphase pressure loss correlations 

exist for these geometries in co-current flow. Given that pressure loss is intrinsically linked to 

energy dispersion and mass transfer, it is critical to accurately understand this metric for a full-

scale gas treating design.  

To this end, an experimental campaign was undertaken to measure single- and multi-

phase pressure loss in SMV-style mixers at high Reynolds number. An experimental system was 

constructed for this purpose and the results were utilized to inform a correlation for single-phase 

pressure loss based on theory. A CFD methodology was developed to accurately predict the 

pressure loss and provide another option for design and scale-up. Roughness of the lab-scale pipe 
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and retaining apparatus was identified as a critical parameter in de-convoluting the experimental 

results and matching the results with CFD. Residence time with various geometrical 

configurations was also explored computationally.  

Finally, multiphase experimental results were fit with a new correlation based on the 

theory of multiphase pipe flow presented by Lockhart & Martinelli [2]. The onset of entrainment 

point inside the mixer channel was postulated as the critical parameter in determining the change 

multiphase flow regime inside the mixer element and the correlation of Ishii & Gromles provided 

the best fit to the experimental data [3]. Multi-phase CFD simulations with constant droplet size 

and reflecting wall boundary condition showed good agreement with the experimental data up to 

𝑅𝑒𝐿 < 84. At higher liquid Reynolds numbers, the simplified CFD approach was not able to 

accurately capture the pressure loss above 𝑅𝑒𝐺 = 110,000, likely due to more complex 

interaction between surface films and droplets. 

This work as provided several correlations which are broadly generalizable and useful for 

predicting pressure losses in static mixing geometries at high Reynolds numbers. The results will 

be useful for correlating with mass transfer to provide more robust predictions of co-current 

absorption in corrugated plate geometries. 
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CHAPTER 1  

Introduction and Background 

This chapter provides an overview of gas treating technology in the context of natural gas 

and biogas operations. Context for the research is provided and drawbacks of existing traditional 

treating methods are explained. Finally, a case for in-line contactors is provided along with 

potential applications and ranges of applicability in industry. Current shortfalls in design data 

and generalizable models for the design engineer are explored in the context of the research in 

this dissertation. 

1.1 Motivation and Purpose 

The global demand for energy has continued to increase at a near-exponential rate. With 

rising infrastructure in previously under-developed nations, the demand for fossil energy will 

likely continue its meteoric rise. Concerns over the changing climate and anthropogenic sources 

of atmospheric pollution and warming gases have led to an increased focus on natural gas and 

renewable gas resources (such as biogas) to meet some of this global energy demand [4]. 

Electricity generated from methane gas emits half of the CO2 of electricity generated by coal [5]. 

Much of the significant drop in carbon intensity across the United States has been driven by 

increased adoption of gas powered electricity generation [6].  

With increased natural gas consumption comes the need for infrastructure to handle the 

natural gas or biogas and effectively deliver the product to the consumer. Gas produced from 

reservoirs or from biological sources often contains a variety of species besides methane. The 

impact of these other species can range from nuisance, such as nitrogen, to dangerous, as in the 



2 

 

case of H2S. Removal of these compounds or “upgrading” of the gas is essential. Figure 1.1 

shows a simplified flow diagram for natural gas upgrading from wellhead to sales pipeline. 

Figure 1.2 shows a typical biogas upgrading flow diagram for a gas-to-grid plant. 

 

Figure 1.1. Overview of natural gas treatment process from well to sale. Reproduced 

from Mokhatab et al. [4] 
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(Iron Sponge, 
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(Amine unit, 

membranes, PSA, 

etc.)

Dehydration
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etc.)

CO2 to Atmosphere

Or Capture

Waste Water

Sales Gas

Compression

 

Figure 1.2. Basic biogas upgrading scheme for gas-to-grid 

  

Regardless of the upgrading scheme, to remove unwanted species from the gas, liquid 

absorption is a commonplace unit operation. Gas sweetening, for example, involves the removal 

of acid gases (CO2 and H2S), typically utilizing an alkaline solvent such as amine or caustic 

which can react with the highly soluble acid gas species [7–9]. Additionally, oxygenates such as 

methanol or ketones may be removed utilizing water as a physical absorption solvent [10,11]. 

Dehydration of gas to reach the U.S. pipeline specification of 7 lbm/MMSCF can be 

accomplished by contacting with glycol which has a high affinity for water vapor [4,12]. 

Absorption of heavy hydrocarbons in liquid oil can be used for lowering the hydrocarbon dew 

point of wet gas [13] or for removal of nitrogen [14]. 

The process of selectively removing species from gas using liquid is accomplished 

through gas-liquid mass transfer, often accompanied by a reaction in the liquid phase. Partial 

pressure, temperature, and physical solubility of species in the liquid determine how rapidly the 

species will be absorbed by the liquid. Traditionally, this process is accomplished in a contactor 

tower or column in which the gas flows vertically upward through the column and the liquid 

flows vertically downward. 
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The linear driving force model of mass transfer can be expressed in a simplified form as 

Equation 1.1.  

𝑁 = 𝑘𝐺𝑎(𝑝 − 𝑝𝑖) = 𝑘𝐿𝑎(𝐶
𝑒𝑞 − 𝐶𝑏)     1.1 

Where N is the mass flux across the interface between liquid and gas. The gas phase 

resistance (L.H.S. of Equation 1.1) is expressed in terms of the partial pressure of the species in 

the bulk gas phase (p) and at the interface (pi). Similarly, the liquid phase mass transfer 

resistance (R.H.S. of Equation 1.1)  is a function of the equilibrium concentration of the species 

at the interface (𝐶𝑒𝑞) and in the bulk liquid (𝐶𝑏). The mass transfer coefficients in the gas-phase 

(𝑘𝐺) and liquid phase (𝑘𝐿). Finally, 𝑎 is the interfacial area concentration between the gas and 

liquid. In many cases, the gas phase resistance is negligible and therefore the quantity 𝑘𝐿𝑎 is the 

most controlling factor in the performance of gas liquid absorption. Table 1.1 shows a 

comparison between various gas-liquid mass transfer techniques and equipment.  

Table 1.1. Comparison of conventional gas-liquid mass transfer methods and equipment [15] 

Method Examples k
L
a (1/s) Advantages Disadvantages 

Sieve Tray 

Column 

• Sour gas caustic scrubbers 

• Glycol dehydration units 

• Sulfolane extraction 
0.01 - 0.4 

• Counter-current 

• Established technology 
• Good when more than 4 

NTS are needed 

• Large diameter tower 
required 

• Flooding possible 

• Solvent carry-over 

Packed 
Column – 

Counter-

current 

• Amine Treating 

• Glycol dehydration units 
0.0004-0.07 

• Counter-current 

• High interfacial area 

• Established technology 

• Good when more than 4 

NTS are needed 

• Tendency to entrain and 
carry-over 

• Moderately large tower 

diameter required 

Tube/Pipe 

Reactor 

• Low residence time H
2
S 

scrubbing 
0.005 - 0.7 

• Very simple operation 

• Low cost/high 

reliability 

• Hard to control 

• Poor turn-down performance 

• Very hard to predict 

Inline 

Static 

Mixing – 
Co-current 

• Oxygenate scrubbing 

• Amine treating (some 

cases) 

• Low residence time 
extractions 

• Glycol dehydration units 

0.005 – 1.5 

• High mass transfer 

performance 

• High turndown ratio 
• Low cost/Small 

footprint 

• Good when <4 NTS 

needed 

• Co-current 

• Higher pressure losses 

• Fewer predictive models 

available 
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As noted in Table 1.1, column-type treating systems (structured packing, sieve trays) 

have been very well established in industry for robust treatment of gas with liquid solvents. This 

is especially the case when the number of theoretical stages (NTS) is greater than four. Despite 

widespread usage, partly due to the massive amount of data available, columns can suffer from 

carry-over of solvent and have notoriously narrow operability ranges. Tubular reactors are 

similarly fraught with their own set of issues, namely lack of good predictive methods and 

unpredictable operation during transient flow.  

Inline static mixing presents a good alternative to conventional methods. Static mixers 

generate very high interfacial area and are generally much more tolerant of turn-down 

conditions. While the options for liquid-liquid static mixers are broad, gas-liquid contacting 

presents unique physical challenges and few industrially available mixers are rated for this 

service. The SMV-style mixer is considered the industry standard for gas-continuous service 

with liquid (cf. Figure 1.3). Despite being the industry standard option for gas-liquid mass 

transfer in co-current in-line scenarios, there is a lack of data and correlations that extend into the 

normal range of operation for most gas transmission and processing situations. Indeed, the 

studies available in the open literature only provide data and extend predictions up to 𝑅𝑒𝐺  ≅

50,000 [16–19]. By contrast, most gas lines operate between 105 < 𝑅𝑒𝐺 < 107 [4]. Multiphase 

flow in these mixers has also not been thoroughly evaluated. 
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Figure 1.3. Static mixer selection matrix. Reproduced from Paul et al. [1] 
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Based on this deficiency in the literature, this dissertation focuses on providing practical 

data and correlations for higher Reynolds numbers under single- and multi-phase conditions.  

1.2 Dissertation Organization 

This dissertation is organized into five chapters. Chapter 2 addresses single-phase flow 

through a single SMV-style mixer utilizing experimental data and CFD numerical simunulations. 

Chapter 3 extends this work to multiple mixers in various configurations. Chapter 4 provides 

experimental data and a correlation for multiphase flow with gas continuous phase through 

SMV-style mixers along with a CFD workflow. Finally, Chapter 5 provides overall conclusions 

and recommendations for future work. 
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CHAPTER 2  

A New Correlation for Single-Phase Pressure Loss through SMV Static 

Mixers at High Reynolds Numbers1 

Abstract 

Robust, scalable correlations for pressure loss across corrugated (SMV-style) static 

mixers at high Reynolds (Re) numbers are currently lacking. To address this, results from an 

experimental and computational fluid dynamics (CFD) based study involving a single SMV 

mixing element for Re in the range of 8,000 – 250,000 are reported. The investigated scenarios 

encompassed three different pipe diameters and variations in the wall roughness.  

The equivalent sand grain roughness was first estimated from measurements in an empty 

pipe and provided as an input to the CFD model. The agreement between the CFD predictions 

and measurements ascertained the validity of the roughness estimate. When the mixing element 

was absent, roughness contributed about 70-90% of the pressure losses in the rough stainless 

steel pipes and up to 7% of the losses in the smooth PVC pipe. 

A capillary model based semi-analytical correlation was developed to generalize the 

pressure loss characteristics when the mixing element was present. The proposed correlation 

captured both current and historical pressure loss measurements with an improved accuracy over 

currently available correlations. Even when with the mixing element present, about 60% of the 

pressure losses were attributed to the inclusion of wall roughness.  

 
1 Reprinted with permission from Lowry, E., Yuan, Y., & Krishnamoorthy, G. (2022). A new correlation 

for single-phase pressure loss through SMV static mixers at high Reynolds numbers. Chemical Engineering and 

Processing-Process Intensification, 171, 108716. Copyright (2022) Elsevier 
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2.1 Introduction 

Static mixing technologies have played a substantial role in process intensification efforts 

over the past century. These fundamentally simple devices harness the kinetic energy of a 

flowing fluid to effectively mix and blend fluids without the need for stirred vessels or external 

energy sources. Advantages of low cost, low maintenance, and low power requirements have 

resulted in static mixers becoming a common tool for both single and multiphase mixing  

applications [20].  

With the recent trend towards process intensification, the overall efficiency and small 

form-factor associated with static mixing reactors has renewed interest in this area. These types 

of reactors excel in absorption or fast-reaction scenarios that are constrained by low residence 

times, and where interfacial diffusion resistance is reasonably low, such as a high pressure, gas-

continuous processes [21]. However, since static mixer geometries result in complex flow fields 

it is has been challenging to develop accurate and robust correlations that characterize their 

performance under dynamic process conditions. It is this lack of knowledge that has led to large 

amounts of research regarding mixing encompassing both laminar and turbulent regimes [22–

26]. Understanding the dynamic pressure loss characteristics in these reactors is a critical first-

step towards their design, optimization, and scale-up since heterogeneous heat and mass transfer 

characteristics is known to correlate strongly with pressure loss [27]. At high velocities, when 

liquid phase resistance to mass transfer is controlling, co-current operation is shown to result in 

higher mass transfer rates than operating in a counter-current mode [27]. During co-current 

operation, corrugated mixing elements, like the Sulzer SMV mixer can greatly enhance the 

turbulent mixing of both liquid-liquid and gas-liquid streams thereby reducing the required pipe 
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lengths for mixing or extraction applications.  This corrugated plate type mixer is comprised of 

channels that split the fluid prior to forcing it back together in cross-flow as shown in Figure 2.1. 

 

Figure 2.1 Flow in a corrugated plate type mixer 

 

This same type of contacting scheme has been used for a variety of structured packing 

options for packed tower systems [27]. This type of a stacked corrugated plate design has been 

shown to yield high mass transfer rates while minimizing pressure losses  and liquid holdup 

[28,29] .  

There are three common functional forms employed to quantify the pressure loss 

(ΔP) across corrugated static mixers: 

𝑍 = ΔPmixer/ΔPempty pipe     2.1 
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The Z-factor [1] in Equation 2.1 is defined as the pressure loss across the mixer to that in 

an empty pipe. Z values generally range from 100 – 200 in the turbulent regime for corrugated 

plate mixers. 

A second method expresses ΔP in terms of the square of the fluid velocity (v) as [19]: 

ΔP = C1  × v
2     2.2 

Where C1 in Equation 2.2 is a constant whose value is in the range 105 +/- 5 [19]. 

The third functional form is a Blasius type correlation where the fanning friction factor 

(f) is computed as a function of Reynolds number (Re) as [17,18]:  

𝑓

2
=
ΔPD

ρu02L
= 𝐶2 +

𝐶3
Re𝐶4

     2.3 

 

Where ρ is the velocity of the fluid and appropriate length scales: such as length of the 

static mixer element (L) and pipe diameter (D) are employed in the calculation. C2, C3 and C4 are 

constants that are empirically determined.      

A more sophisticated, semi-analytical model for pressure drop in corrugated mixers was 

presented and validated for water through 40-80 mm mixer elements by Paglianti et al. (2013) 

[16]. The model hypothesized that the total pressure drop across a corrugated element is the sum 

of the friction pressure drop and the interfacial pressure loss due to inlet/outlet effects. The 

correlation from [16] is expressed as: 



12 

 

ΔP =  
πdHL

A sin(β)

ζρus
2

2
+ 4ζ

Leinlet + Leoutlet
dH

ρus
2

2
     2.4 

Where 𝛽 is the corrugation angle relative to the flow direction and 𝐿𝑒𝑖𝑛𝑙𝑒𝑡 and 𝐿𝑒𝑜𝑢𝑡𝑙𝑒𝑡 

are the interfacial lengths that account for pressure losses at the interface between multiple 

elements. The authors did not demonstrate how this value was calculated in practice, and thus the 

values given in the paper were assumed to be generally applicable. The term 𝜁 is the effective 

friction factor of the materials and was taken from previous work by the authors [30].  

Building on prior work [31], a model was presented which accounts for four separate 

cases: (1) a single element with a L/D > 1; (2) multiple elements with L/D > 1; (3) a single 

element with L/D < 0.56; (4) multiple elements with L/D < 0.56 . It was noted that fluid bypass 

occurs when an individual element is less than 0.56 pipe diameters in length.   

A comparison of three correlations (Equations 2.3 and 2.4) for the geometric static mixer 

parameters of interest in this study is shown in Figure 2.2. The parameters used in our 

calculations were: L , D, density, velocity, and mixer void fraction taken from Table 2.2 and 

experimental process conditions. 𝛽 was set equal to 45 degrees, and 𝜁 was calculated to be 

0.01135 using the correlation provided by Paglianti et al [16]. 
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Figure 2.2. Pressure drop predicted by different correlations for a single 2-inch diameter 

corrugated element (left) and relative difference between Paglianti et al. (2013) and Cavatorta et 

al. (1999) (right) 

What is clear from Figure 2.2 is that despite the large amount of interest in static mixer 

reactors with liquids/high pressure gases as the working fluid, a robust correlation that is 

applicable at higher Reynolds number conditions (10,000 – 100,000) is currently lacking.  

Second, the role played by pipe and mixer element surface roughness characteristics has not been 

explored in the context of a scaling lab data to larger diameter pipes and mixers. In order to fill 

this void, a comprehensive experimental and simulation-based study of the pressure loss 

behavior of a corrugated static mixer was undertaken to:  

(1) Measure and quantify the role of sand-grain surface roughness at these conditions. 

(2) Provide a more accurate, robust, and scalable pressure loss correlation.  

(3) Evaluate the efficacy of computational fluid dynamics (CFD) simulations as a pressure 

loss prediction and scale-up tool. 
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2.2 Methods 

2.2.1 Measurements 

2.2.1.1 Experimental System 

To measure the experimental pressure drop across the lab scale mixing elements, two 

flow systems were constructed. The first system was designed to operate with compressed air up 

to a pressure of 120 psig. Air flow (at 110 psig) was supplied by a 150 HP air compressor with a 

1000 gal holding vessel. All process piping was composed of schedule 40 stainless steel in 1-

inch nominal sizing. A pipe run of 24 inches was allowed after the inlet valve to allow the flow 

to fully develop prior to measuring the flowrate using a cylindrical averaging differential 

pressure probe. The differential pressure gauges for the flowmeter and measurement section 

were acquired from Alicat Scientific, Inc. (Tuscon, AZ, USA) and have a calibrated accuracy of 

0.2% across the entire range of Reynolds numbers. A computer data acquisition system was used 

to log the data from the differential pressure meters. The system was capable of producing 

maximum velocities of around 30 m/s in the 1-inch pipe configuration (Re of 440,000). The 

piping configuration was constructed to allow the measurement section to be switched to a 2-

inch nominal pipe run for measurements in a larger diameter. For all tests, a pipe run of at least 

10 pipe diameters was placed before the measurement section to allow for flow development. A 

1/8 inch retaining stud was fixed in the pipe to hold the mixing elements in place inside the pipe 

during testing.  

To carry out testing in a 4-inch diameter pipe, a second experimental system was 

constructed to operate at near ambient pressure conditions with a 4-inch diameter PVC pipe 

conduit. A compressed air amplifier (Brauer Limited, Milton Keynes, UK) was used to boost 
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compressor air to a max flowrate of 615 CFM (Re of 275,000) at near ambient conditions. The 

flowrate was monitored using a cylindrical averaging differential pressure probe and a 

differential pressure gauge manufactured by Dwyer (Michigan City, IN, USA) with an accuracy 

of 0.5% across the measurement range.  

Corrugated mixing elements with five plates and a corrugation angle of 45 degrees 

relative to the pipe axis were fabricated in for use in the 1-inch, 2-inch, and 4-inch diameter 

pipes. The corrugated mixer was 3D-printed from ABS material using the same CAD file 

utilized for the CFD simulations. A flow diagram of the first experimental set up employed to 

make pressure drop measurements is shown in Figure 2.3.  
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Figure 2.3. Process flow diagram of first experimental system 
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In order to conduct a pressure loss test in both systems, the flowrate was incrementally 

increased to the maximum flowrate over a period of approximately 20 minutes for each test. This 

method allowed for enough data acquisition to construct a curve of flow versus differential 

pressure. Data points were collected every 230 ms via the data acquisition system. Once steady 

state conditions were obtained, the average differential pressure loss data was then calculated 

across several seconds of the steady-state condition. 

Prior to carrying out the test with the static mixers present along the flow path, the 

experimental configuration along with the pressure gauges were assessed for their measurement 

accuracies by estimating the standard error associated with the pressure drop measurements. 

Pressure drop data associated flow in an empty pipe was determined by gradually varying the 

flow rates. At each flow rate, the pressure drop data was sampled across a 20-minute time period 

(after steady state was obtained) to obtain a standard error that was statistically invariant. The 

systematic errors were less than 2% above Reynolds numbers of 25,000.  

2.2.1.2 Relative Roughness Estimation in an Empty Pipe 

Since the focus of this study was to assess the pressure loss effects solely due to the 

corrugated static mixing elements and the pipe housing directly around the mixer, it was 

important to subtract the extra empty pipe pressure losses from the measurements.  The pressure 

losses of the empty pipe housings were measured by continuously logging the flowrate and 

differential pressure across the test section using a computer with data acquisition software. By 

fitting a line to this averaged raw data, the fanning friction factor (f) could be directly determined 

using Equation 2.5. 
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1

√f
= −4.0 log10 (

Ks
D
3.7

+
1.255

Re√f
)     2.5 

The result of this procedure provided the effective relative roughness for each pipe 

housing and is summarized in Table 2.1. 

Table 2.1. Results of empty pipe experiment and fit with Colebrook-White equation 

Nominal Pipe 

Diameter (inch) Reynolds Number Range 

Calc’d Relative 

Roughness 

1 15,000 - 150,000 0.17379 

2 5,000 - 100,000 0.11407 

4 30,000 - 130,000 0.00010 

 

The baseline (empty pipe) pressure loss at each operating condition (Reynolds number) 

could now be estimated by computing the friction factor using Equation 2.5 and estimating ΔP 

using Equation 2.3.  A comparison of the modeled pressure loss (empirical) using Equation 2.3 

and 2.5 and actual measurements are shown in Figure 2.4 to demonstrate the validity of our relative 

roughness estimation method. 
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Figure 2.4. Experimental pressure loss measurements and calculated pressure loss 

resulting from the fit of the Colebrook-White equation (Eq. 5) for 1-inch, 2-inch, and 4-inch 

empty pipes 

When carrying out measurements with the static mixer, this baseline pressure loss was 

subtracted from the measured total pressure to delineate losses attributed to the mixing element 

and immediate surrounding pipe housing alone. Trials were conducted at the three pipe diameters 

for Re ranging from 10,000 – 200,000. 
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2.2.2 Computational Fluid Dynamics Simulations 

2.2.2.1 Rough Pipe Simulations 

In order to evaluate the ability of CFD simulations to account for rough pipe walls as well 

as determine the optimal first cell height at the pipe wall, several empty pipe meshes were 

constructed. Three meshes for each diameter were constructed, each with a different height of the 

first cell on the pipe wall. The meshes were constructed with Gmsh [32], which is an open-

source meshing software capable of creating high-quality hexahedral mesh configurations with 

very minimal skew. Figure 2.5 shows a cross-sectional view of the three meshes (fine, medium, 

and coarse) created for the 1-inch pipe size. 

   

Figure 2.5. Cross-sectional view of the three empty pipe meshes. From left to right: fine, 

medium, coarse 

Ansys Fluent (version R2019), was evaluated for its ability to predict the empty pipe 

pressure loss using rough wall functions. The inlet and outlet boundaries of the 10-diameter long 

model pipe were considered to be periodic boundaries in order to simulate fully developed flow 

conditions. The SIMPLEC solver was chosen due to its proven fast, robust convergence [33]. 

Second-order upwind schemes were utilized for the flow and turbulence variables. Each 

simulation was conducted until the residuals achieved a convergence criteria of 1 × 10−5. The 
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near-wall region was modeled using the standard rough-wall implementation in Ansys Fluent, 

described in the following section. The realizable 𝑘 − 𝜖 model was chosen for the turbulence 

fields due to its superior formulation for the turbulent viscosity and enhanced handling of 

dissipation near boundary layers [34]. At the end of the simulation, the steady-state isothermal 

pressure gradient was extracted. The conditions for the numerical simulations were the same as 

the experimental work with the working fluid modeled as an incompressible fluid with the same 

density of compressed air at 100 psig and 70 °F. 

2.2.2.2 Roughness Implementation in Ansys Fluent 

Ansys Fluent requires the user to specify the sand-grain roughness (𝐾𝑠) (estimated in Table 

2.1) and a roughness constant (𝐶𝑠). The sand-grain roughness of a surface is implemented in Ansys 

Fluent by shifting the law-of-the-wall mean velocity distribution by a factor (Δ𝐵) based on the 

specified surface roughness. The shifting function (Δ𝐵) is determined according to the boundary 

layer corrections provided by Cebeci and Bradshaw [35].  

The hydrodynamically smooth treatment is applied when 𝐾𝑠
+ < 2.25 , meaning no 

correction is applied to the near wall functions. In the transitional regime (2.25 <  𝐾𝑠
+ ≤ 90), 

Equation 2.6 is applied to determine the functional correction. 

𝛥𝐵 =
1

𝜅
𝑙𝑛 [

𝐾𝑠
+ − 2.25

87.75
+ 𝐶𝑠𝐾𝑠

+] × 𝑠𝑖𝑛(0.4258 (𝑙𝑛(𝐾𝑠
+ − 0.811))) 

    

2.6 

 

When 𝐾𝑠
+ > 90 the shift parameter is calculated by Equation 2.7. 
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𝛥𝐵 =
1

𝜅
𝑙𝑛[1 + 𝐶𝑠𝐾𝑠

+] 
    

2.7 

 

In Equations 2.6 and 2.7, the roughness constant 𝐶𝑠 was kept at the default value of 0.5 for 

all simulations. The dimensionless roughness height (𝐾𝑠
+) was estimated from the sand grain 

roughness in Table 2.1 as: 

𝐾𝑠
+ =

𝐾𝑠𝐶𝜇

1
4𝑘

1
2

𝜈
 

    

2.8 

 

Where 𝐶𝜇 is an empirical model constant, 𝑘 is the turbulent kinetic energy and 𝜈 is the 

turbulent viscosity. The definition of 𝑦+ is given by Equation 2.9. 

𝑦+ =
𝐶𝜇

1
4𝑘

1
2𝑦

𝜈
 

    

2.9 

 

Once the shift parameter is determined, the non-dimensional cell wall distance 𝑦+ can be 

determined by Equation 2.11 in terms of the shift in the value of the dimensionless wall velocity 

(defined by Equation 2.10). 

𝑢+ =
𝑢

√
𝜏𝑤
𝜌

     

2.10 

𝑢+ =
1

𝜅
𝑙𝑛(𝐸𝑦+) − 𝛥𝐵 

    

2.11 
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2.2.2.3 Mixer Mesh Generation and Evaluation 

The static mixer 3D CAD geometries were constructed from the fabricator models in 

order to have the most accurate similarity between the CFD and experiment. Each mixer was 

composed of five corrugated plates arranged at 45 degrees with the flow axis. The corrugation 

bend angle was 109 degrees. The mixer dimensions were ssuch that they fit tightly into the 

nominal pipe size for which they were designed. Figure 2.6 shows a drawing of one of the 

corrugated mixers from different view points. 

   

 

Figure 2.6. 3D CAD rendering of the corrugated mixer used for CFD simulations. The 

red dashed lines denote the perimeter (P) of one channel used for determination of the hydraulic 

diameter 

 

Each mixer can be characterized by key variables such as the void fraction (𝜖), the 

tortuosity (𝜏), and the hydraulic diameter of a channel in the mixer. The void fraction is the 

mixer material volume divided by the total volume occupied by the mixer element. The 

hydraulic diameter (𝐷𝑐) of the mixer channel can be estimated by calculating the diameter of an 
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equivalent circle with the same perimeter (𝒫, depicted as the red dashed lines in Figure 2.6) as 

the mixer according to Equation 2.12. 

𝐷𝑐 =
𝒫

𝜋
 

    

2.12 

The tortuosity is defined as the length of a theoretical flow-path through the mixer divided 

by the actual distance traveled in the primary direction of flow [36]. Recently, Zare & 

Hashemabadi [37] showed that the tortuosity could be accurately estimated by taking the average 

streamline length from a CFD simulation and comparing to the distance traveled in the primary 

flow direction. Applying this same concept, the post-processed data from the simulations for all 

three mixer sizes was utilized to calculate the tortuosity of each mixer. A total of 10,000 

streamlines were calculated based on the flow field through the mixer and this was used to extract 

the tortuosity for each streamline. From this, the overall average tortuosity of the mixer was 

calculated. The sand-grain roughness (Ks) for the mixer material was used as an input to the CFD 

simulations and was based off standard roughness values for the materials of construction provided 

by the fabricator. Table 2.2 shows the key variables for each mixer element used in the 

experimental and CFD work. 

Table 2.2. Experimental and CFD Model Mixer Element Dimensions 

D (in) L/D ε τ Dc (in) Ks (micron) 

1 1 0.756 1.457 0.118 10 

2 1 0.879 1.428 0.315 10 

4 1 0.879 1.373 0.787 100 

 

Given the complex geometry of the corrugated mixer elements, a grid refinement study 

was conducted to evaluate the impact on pressure loss prediction. Two meshes of each size of 
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mixer were created using the snappyHexMesh (a utility included in OpenFOAM ver. 1906). The 

mixing elements were situated in the center of the empty pipe housing mesh, which was 10 pipe 

diameters in length. The finest level mesh from the empty pipe simulations was chosen as the 

pipe housing. The first mesh resolution was chosen such that the average dimensionless wall 

distance of the first cell (𝑦+) (cf. Equation 2.9) was below 30 to justify the use of enhanced wall 

functions. The coarser meshes were created by lowering the refinement level by one in all 

locations of the mesh. Simulations were conducted in each mesh refinement at the highest 

experimental Reynolds number to evaluate impact on pressure loss. 

Table 2.3 shows the percent change in pressure loss calculated by increasing the 

refinement level of the mesh. Based on the results of the grid refinement study, the most refined 

(fine) mixer mesh was chosen at all diameters in order to minimize the impact on the simulation 

results. 

 

Table 2.3. Results of grid convergence simulations 

 

Diameter 

(inch) 

No. of Mesh Elements ΔP/L (Pa/m) %Δ, 

Medium-

Fine Coarse Medium Fine Coarse 
Mediu

m 
Fine 

1 206,478 562,024 770,967 262,435 223,922 224,552 0.3% 

2 764,284 1,495,442 2,570,634 15,287 14,567 13,794 -5.6% 

4 1,356,201 2,312,566 4,075,483 16,325 15,295 14,369 -6.4% 
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2.3 Results 

2.3.1 CFD Simulations of Empty Pipe 

The adequacy of the mesh resolution, turbulence model and sand grain roughness 

provided as input to FLUENT was evaluated by carrying out empty pipe simulations and 

comparing the pressure drop data as a function of Reynolds number. The results are shown in 

Figure 2.7. 
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Figure 2.7. Comparison of ΔP/L for an empty-pipe versus Reynolds number (fit of 

experimental data versus FLUENT simulations at 3 mesh resolutions) for 1-inch (A), 2 inch (B), 

and 4 inch (C) pipe diameters 

Good agreement is seen between the CFD predictions and measurements. The figure also 

shows the difference in pressure loss (i.e., ΔP/L with roughness versus ΔP/L without roughness) 

as a function of Reynolds number. In an empty pipe, roughness has a 70-90% contribution to the 

pressure loss at higher Reynolds numbers in the 1-inch and 2 inch stainless steel pipes and up to 

7% contribution in the 4 inch PVC pipe that is smoother than the steel pipe (cf. Table 2.1). 
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2.3.2 Generalized Correlation for Pressure Loss with Static Mixer 

2.3.2.1 Pressure Loss Model 

In order to correlate the experimental pressure loss data, the corrugated mixer was 

considered to be a type of porous media possessing certain geometric characteristics. The 

superficial velocity through the mixer can be expressed as a function of the mean flow velocity 

(𝑢0), the tortuosity (𝜏) and void fraction (𝜖) of the mixer [38].  

𝑢𝑠 =
𝑢0𝜏

𝜖
 

    

2.13 

Where τ = ℓ/L and ℓ is the average streamline length through the mixer of length, L. At 

low Reynolds numbers, the pressure loss through a porous media is proportional to the viscous 

forces and the kinetic energy losses of the flow. However at high Reynolds number conditions, the 

kinetic-energy losses dominate flow.  The capillary model presented by Comiti and Renaud is 

useful for understanding generalized flow through a porous media [38]. By grouping the viscous 

pressure loss expressed by the Poiseuille equation and the kinetic terms, they arrived at a combined 

pressure loss expression for flow through a packed bed [39]. Unlike previous work [39,40], here 

we choose to employ the definition of specific surface area (𝑎𝑠 = 6/𝐷𝑐) for a packed bed of regular 

spherical particles (𝜏 = 1.44) since the tortuosity of the single corrugated mixer is nearly identical 

[41]. This leads to the new formulation presented in Equation 2.14 with the primary change being 

the presence of the value of 72 in the numerator as opposed to 32 in previous work [39]. 

Δ𝑃

ℓ
=
72𝜏2𝜇𝑢0
𝜖𝐷𝑐2

+
2𝐶𝑝𝜏

3𝜌𝑢0
2

𝐷𝑐
 

    

2.14 
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In Equation 2.14, 𝐶𝑝 is the effective friction factor of the interior mixer channel wall. 

When the assumption is made that the roughness of the channels is on the same order of 

magnitude as the channel diameter itself, the friction factor of the channel can be estimated via 

the classic Nikuradse equation for fully turbulent flow in highly rough pipes in the natural 

logarithm form [42]: 

1

√𝐶𝑝 2⁄
= 2.46 ln (

𝐷𝑐
2𝑒
) + 4.92 2.15 

Under the assumption that 𝑒 ≅ 𝐷𝑐, the friction factor for the kinetic-loss term becomes 

𝐶𝑝 ≅ 0.1936. This assumption works well for when the channels have many flow directional 

changes before impacting the pipe wall. However, when the channels end at the pipe wall, as in 

the case of the corrugated mixer in this study, a better assumption is that 𝑒 ≅ 𝐷𝑐 2⁄  which leads 

to 𝐶𝑝 ≅ 0.0826  by solving Equation 2.15 [38]. By re-arranging Equation 2.14, a combined 

friction factor for the mixer as a porous media may be conveniently defined: 

𝑓𝑐 =
𝐷𝑐Δ𝑃𝜖

2

2𝐿𝜌𝑢0
2𝜏3

=
36𝜖𝜇

𝜌𝑢0𝜏𝐷𝑐
+ 𝐶𝑝  2.16 

Noting the dimensionless first term on the right hand side of Equation 2.16, a Reynolds 

number for the mixer channel may be defined. 

𝑅𝑒𝑐 =
𝜌𝑢0𝜏𝐷𝑐
𝜖𝜇

  2.17 

Finally, combining Equations 2.15, 2.16, and 2.17, the semi-analytical friction factor 

model for the mixer in terms of the channel geometry is expressed by Equation 2.18. Note the 
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similarity in the function form of this equation and the Blasius-type equation for pressure loss 

(cf. Equation 2.3) 

𝑓𝑐 =
36

𝑅𝑒𝑐
+ 0.0826  2.18 

This final expression is used as a semi-analytical basis for fitting the experimental data 

across the range of flow velocities and pipe diameters. Using this formulation, the pressure loss 

across a mixing element can be calculated by using Equation 2.19. 

Δ𝑃

𝐿
=
2𝑓𝑐𝜌𝑢0

2𝜏3

𝐷𝑐𝜖2
  2.19 

The first term of Equation 2.18 represents the Darcy contributions to flow and is 

primarily controlling in the low Reynolds number regimes. The second constant term is 

attributable to the losses in high turbulence associated with the rough corrugations and dominates 

at high Reynolds numbers. Legrande (2002) [40] proposes that the change from Darcy flow to 

transitional flow occurs near 𝑅𝑒𝑐 = 13 and the fully turbulent regime starts near 𝑅𝑒𝑐 = 830. 

2.3.2.2 Pressure Loss Measurement with Static Mixer 

After collecting the pressure loss data using the laboratory systems described in Section 

2.2.1.1, the data for one corrugated mixer for the diameters and specifications listed in Table 2.2 

was processed to remove the losses due to the extra pipe lengths upstream and downstream of the 

mixer elements. Figure 2.8 shows the pressure loss data (not all points shown for clarity) along 

with previous correlations from the literature, CFD results, and the current proposed correlation 

of Equation 2.18 [16–18]. The existing correlations tended to under-predict the pressure losses 

compared to the experimental measurements in this study with the exception of the Paglianti et 
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al. correlation [16] for the 4-inch diameter mixer. Overall, the proposed correlation that accounts 

for wall roughness effects provided better agreement with the measured data and the CFD results 

(carried out with wall roughness). The data for the 2-inch mixer showed more scatter and less fit 

compared to the other sizes. The ability of the proposed correlation to fit the data over the range 

of Reynolds numbers indicates that it may represent a more general formulation that previously 

used in the literature. 
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Figure 2.8. Experimental data and correlation for 1-inch, 2-inch, and  4-inch diameter 

mixer shown with literature correlations and CFD results 

However, the CFD results obtained with Fluent were slightly lower than expected. It is 

suspected that this may be due to various nuisance factors that could not be accounted for in the 

CFD model such as irregular flows around weld locations or heterogeneous roughness in the pipe 

housing. To ascertain this, the sensitivity of the CFD simulations to wall roughness effects was 

carried out. Figure 2.9 shows the relative error in pressure loss introduced by neglecting surface 

roughness as a function of Reynolds number in Ansys FLUENT. In the pipe with the static 
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mixer, roughness has up to 60% contribution to the total pressure loss at these Reynolds 

numbers, with higher contribution in the smaller steel pipes. This finding is critical to proper 

scaling of lab experiments conducted in small piping where contributions of relative roughness 

are significant. Direct upscaling without considering these effects at lab scales can results in 

incorrect predictions of pressure loss in larger pipe diameters. 

 

Figure 2.9. Sensitivity of pressure loss calculations to surface roughness in CFD 

simulation for 1-inch, 2-inch, and  4-inch 

2.3.2.3 Friction Factor Estimation with Static Mixer 

The pressure loss measurements were then employed to calculate a friction factor based 

on Equation 2.19. The data covered the range of 1500 < 𝑅𝑒𝑐 < 48,500 which is equivalent to 

8000 < 𝑅𝑒 < 2.5 × 105 in terms of the traditional Reynolds number using the pipe diameter as 

the characteristic dimension. As shown in Figure 2.10, the data collapsed very well into the semi-
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analytical model of Equation 2.18. This suggests that this formulation provides a reasonable 

approximation for the pressure losses through the corrugated geometry.  

 

Figure 2.10. Aggregated experimental data in terms of the mixer friction factor and the 

mixer Reynolds number 

The correlation and data were also compared to other available literature data at lower 

Reynolds numbers to evaluate the robustness of the proposed correlation. The mixer geometrical 

details given in each reference were used for calculating the relevant quantities and the tortuosity 

was estimated from the values calculated using CFD in this study while interpolating for the 

changes due to differences in diameter and void fraction. The data extracted from the literature 

was fit surprisingly well by the correlation, even considering the disparate experimental 
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conditions and mixer geometrical details. The advantage of the proposed model over previous 

models lies in the fact that all the data extracted from the literature and measured in this study is 

well fit by the single model. Additionally, all key geometrical details governing the flow are 

taken into account by including the tortuosity and void fraction of the mixer, as opposed to only 

the void fraction. Inclusion of the tortuosity allows the data to collapse to a single correlation that 

accounts for differences in plate thickness, mixer fit, and length. It is possible that the tortuosity 

could be eliminated from the model by expressing as a function of the void fraction, similar to 

previous work in the area of porous media research [36]. This modification would simplify the 

model for ease of use, however this would require additional study. 

 

Figure 2.11. Literature data for single mixer-element pressure loss compared to the 

correlation of Equation 2.18 in terms of the mixer friction factor and the mixer Reynolds number 
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Lage & Antohe (2000) defined the flow regime boundaries as the point at which the 

contributions of the viscous or inertial forces was less than 5% for the turbulent regime and the 

Darcy regime, respectively. Adopting this criteria, the critical channel Reynolds number at which 

turbulent flow starts is 𝑅𝑒𝑐𝑇 = 8,300 which is somewhat higher than previous works have 

observed [40,43]. 

Finally, the Z-factors for the single mixer element were estimated from the experimental 

data in the different pipe sizes as a function of Reynolds number. The figure below shows that 

the Z factor ranges from 80 – 400 and is highly dependent on pipe diameter and roughness. This 

may indicate that the Z factor is not a completely satisfactory method for pressure loss 

determination. 
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Figure 2.12. Z-factor estimates calculated from the experimental data for mixer and 

empty pipe (not all data points shown for clarity) 

2.4 Conclusions 

Robust, scalable correlations for pressure loss across SMV static mixers at high Reynolds 

(Re) numbers are currently lacking. This is first demonstrated by showing up to 45% deviation 

among current correlations at Re > 10000. To fill this void, an experimental and computational 

fluid dynamics (CFD) based study of a single corrugated static mixer for Reynolds numbers in 

the range of 10,000 – 250,000 is reported. The measurements were carried out in pipes of 

diameters of 1-inch, 2-inch, and 4-inch with significant variations in the pipe relative roughness.  
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The equivalent sand grain roughness was estimated based on the measurements and was 

provided as an input to the CFD model. The agreement of the CFD predictions with the 

measurements ascertained the validity of the roughness estimate. In an empty pipe, roughness 

contributed about 70-90% of the pressure loss at higher Reynolds numbers in the 1-inch and 2-

inch stainless steel pipes and up to 7% of pressure loss in the 4 inch PVC pipe. 

A new semi-analytical correlation for pressure loss across an SMV static mixer at high 

Reynolds (Re) numbers was proposed. The data was compared to the new proposed correlation 

as well as existing correlations from the literature. It was revealed that the existing correlations 

tend to under-predict the pressure losses compared to the measured data. On the other hand, our 

proposed correlation was able to account for the data of this study and also provide a satisfactory 

fit of the applicable raw data from the literature. This new correlation is more general since it 

accounts for the key geometric variables including tortuosity and void fraction. Additionally, the 

semi-analytical approach includes the impact of hydrodynamic roughness induced by the 

corrugated plate shape. CFD simulation was used to facilitate scale-up and delineate the pressure 

losses arising from roughness and manufacturing defects in these configurations. With the static 

mixer, roughness had up to a 60% contribution to the overall pressure loss, with the highest 

contributions in the 1-inch pipe. The Z-factor was also calculated and proved to be unsatisfactory 

for providing a generalizable correlation for pressure loss. 

Overall, this study was able to provide a more robust correlation for the pressure loss in 

corrugated static mixers that may be easily extensible to geometrical variants without the need 

for additional measurements. Additionally, CFD was shown to be an acceptable tool for 

evaluating the pressure losses which further validates this method for scale-up predictions when 

large-scale data is unavailable. Future work will examine how the proposed correlation and CFD 
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simulation can be used to predict pressure losses in different linear mixer configurations and 

orientations as well as developing links to mass transfer behavior in these types of mixers. 
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CHAPTER 3  

An Improved Correlation for Dry Pressure Losses Across Static Mixers at 

High Reynolds Numbers2 

Abstract 

Corrugated (SMV-style) static mixers are industrially important for process 

intensification and can promote gas-liquid mass transfer in processes such as sour gas 

sweetening. Current correlations for pressure loss are limited to Reynolds numbers (Re) below 

40,000, far below the ranges encountered in natural gas systems (105 < Re < 107). An 

experimental and numerical study of pressure drop across multiple corrugated mixers in the 

range 104 < Re < 2 x 105 encompassing different configurations (aligned, rotated), pipe 

diameters (1 inch to 4 inches) and sand grain surface roughness values (10 microns – 5,000 

microns) is reported here. Our previous correlation for pressure loss across a single corrugated 

element is shown to be extendable to multiple corrugated mixing elements. Through the 

inclusion of mixer tortuosity (τ), porosity (ε), and macro-scale (geometric) wall roughness (e), 

the correlation also matches historical pressure drop data (at different τ, ε) reported in literature 

thereby demonstrating the utility of these variables as parameters that can help optimize mixer 

performance.  Experiments and computational fluid dynamics (CFD) modeling revealed that the 

rotated configuration increased the residence time by up to 13% in comparison to the aligned 

configuration. This may have implications on the selective absorption of sour gas components 

that are based on fast kinetics. In addition, the role of wall roughness (both pipe housing and 

 
2 Reprinted with permission from Lowry, E. & Krishnamoorthy, G. An Improved Correlation for Dry 

Pressure Losses Across Static Mixers at High Reynolds Numbers. Accepted to The Canadian Journal of Chemical 

Engineering. Copyright (2022) Wiley 
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mixer) was demonstrated to be significant in this study (accounting for 55% of the pressure 

losses) and must be accurately accounted for when scaling lab measurements.   

3.1 Introduction 

3.1.1 Sour Gas Sweetening 

Global demand for natural gas continues to climb due to its status as an increasingly 

attractive alternative to petroleum and coal fuels for electricity generation, residential heating, 

and use as a petrochemical feedstock. Natural gas is currently abundant and provides excellent 

energy density and has a much lower carbon footprint  compared to coal and liquid petroleum 

[6]. With U.S. production exceeding 36 trillion cubic feet per year, optimizing natural gas 

treatment strategies within an increasingly strained infrastructure is critical. Much of produced 

natural gas contains contaminants such as hydrogen sulfide (H2S), carbon dioxide (CO2), 

mercaptans, and oxygenates which must be removed prior to sale and use [44]. Gas-liquid mass 

transfer represents a common unit operation used to accomplish such contaminant removal [4]. 

Absorption of contaminants from gas streams with a liquid phase is common in applications used 

in processes ranging from creating grid-quality natural gas for fuel to ensuring clean air to limit 

environmental emissions.  

Hydrogen sulfide in natural gas poses a significant challenge since it causes corrosion 

and is highly poisonous even at relatively low concentrations. Additionally, environmental 

release of hydrogen sulfide contributes to SOx generation in the atmosphere. Traditional methods 

for removing hydrogen sulfide have been amine-treating towers with methyl diethanolamine 

(MDEA) solvent or other amine blends [44]. Although the most common method for 

accomplishing this type of operation is a trayed or packed tower, with increased demand for 
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intensified process equipment, co-current contacting is also an attractive solution [45]. In some 

cases, this mode of contacting offers more compact equipment footprints, reduced solvent usage, 

larger turndown ratios, and lower capital expenditure [8,11,46]. This is particularly true when 

only a few theoretical thermodynamic stages are required or when the reaction is fast [47]. Static 

mixing equipment is a natural choice for many co-current contacting scenarios. Static mixers 

reduce the overall reaction volume required for H2S removal as compared to direct pipeline 

injection of MEA-triazine or caustic, which often causes solids precipitation or persistent liquid 

contamination issues downstream [48]. Additionally, many situations do not have adequate 

infrastructure for a Claus acid gas treatment process which further increases the viability of fast, 

non-regenerable methods as a less capital-intensive method for removal of H2S [49]. Non-

regenerable solvents such as caustic, hydrogen peroxide, and triazine have all been utilized with 

good effect. The need for methods of H2S removal with lower cost and complexity have been 

previously identified in the literature [50]. 

3.1.2 Static Mixers: A Technological Alternative 

Static mixing presents an attractive alternative to these traditional methods of H2S 

removal since it provides higher mass transfer capability in comparatively small capital 

equipment sizes [12]. Additionally, these devices designed in a modular manner allow for rapid 

deployment and re-use at various locations. The two major design criteria needed for proper 

sizing of a static mixing reactor are (1) accurate pressure loss prediction, and (2) mass transfer 

prediction, which is often a function of the pressure loss.         

For in-line mixing with a gas continuous phase, the options for static mixers are sparse. 

The corrugated mixer has been identified as the best engineering design choice for this scenario 
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[13]. Corrugated static mixers, like the SMV-style mixer (originally manufactured by Sulzer 

Ltd.), are common in industry and combine high specific geometric surface area with proven 

performance [13,14]. Geometrically similar designs, such as MellapakTM, are often employed in 

the form of structured packing for vertical contacting installations  [15]. Deploying a static mixer 

contactor requires the design engineer to thoroughly understand the pressure loss across the 

active contacting zone given that it is well known that pressure loss or energy dissipation relates 

to the mass transfer across a static mixer contactor [16].  Unfortunately, currently available 

correlations for pressure loss may only be accurate for Reynolds numbers that are too low to 

approximate realistic process conditions [17]. Current correlations fall short of accurately 

matching experimental data for Reynolds numbers higher than about 50,000 [16,18,19]. Other 

knowledge gaps are: pressure loss under process conditions, mean residence time (and approach 

to ideal plug flow), droplet size distribution, and interfacial area at high Reynolds numbers. This 

study is a first step towards filling this void in the existing literature. 

To address this deficiency in the literature and extend previous work, an experimental 

study was conducted to measure the single-phase pressure loss through corrugated static mixers 

in a variety of pipe diameters and series configurations (i.e., aligned and rotated). A correlation 

developed in a preceding study was extended for predicting pressure loss across the range of 

tested diameters and configurations [17]. Highly resolved CFD simulations were also performed 

with OpenFOAM ver. 1912 to: predict pressure losses, deduce tortuosity from fluid pathlines and 

quantify the role played by mixer and pipe surface roughness. Finally, conclusions are presented 

relating to the applicability of the correlation and the role of CFD simulation in aiding the static 

mixer contactor design process. 
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3.2 Methods 

3.2.1 Experimental System 

Measurements of pressure drop across multiple corrugated mixers in the range 104 < Re < 

2 x 105 encompassing different configurations (aligned, rotated), pipe diameters (1 inch to 4 

inches) and sand grain surface roughness values (10 microns – 5,000 microns) were made in this 

study. The author’s field experiences have shown that most gas processing pipelines operate within 

a range of Reynolds numbers between 105 < Re < 107. Additionally, most pipeline sizes fall 

between 2 to 48 inches in diameter which justifies investigation of a wider range of diameters and 

Reynolds numbers. Operating pressures vary widely from up to 1,500 psig at the wellhead to less 

than 100 psig for distribution lines for sales gas [4]. Generally, the viscosity of natural gas is close 

to that of compressed air [51]. This information justified the use of compressed air as an 

environmentally safer proxy for natural gas for the laboratory measurements.  

To measure the experimental pressure loss across the lab scale mixing elements, two flow 

systems were constructed. The first system was designed to operate with compressed air up to a 

pressure of 120 psig. Air flow (at 120 psig) was supplied by a 150 HP air compressor with a 1,000 

gal pressure vessel. All process piping was composed of schedule 40 stainless steel in 1-inch 

nominal sizing. A pipe run of 24 inches was allowed after the inlet valve to allow the flow to fully 

develop prior to measuring the flowrate using a cylindrical averaging differential pressure probe. 

The differential pressure gauges for the flowmeter and measurement section were acquired from 

Alicat Scientific, Inc. (Tuscon, AZ, USA) and have a calibrated accuracy of 0.2% across the entire 

range of Reynolds numbers. A computer data acquisition system was used to log the data from the 

differential pressure meters. The system was capable of producing maximum velocities of around 
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30 m/s in the 1-inch empty pipe configuration (Re of 440,000). The piping configuration was 

constructed to allow the measurement section to be switched to a 2-inch nominal pipe run for 

measurements in a larger diameter. For all tests, a pipe run of at least 10 pipe diameters was placed 

before the measurement section to allow for flow development. A 1/8 inch stainless steel retaining 

stud was fixed in the bottom of the pipe to hold the mixing elements in place inside the pipe during 

testing.  

To carry out testing in a 4-inch diameter pipe, a second experimental system was 

constructed to operate at near ambient pressure conditions with a 4-inch diameter PVC pipe 

conduit. A compressed air amplifier (Brauer Limited, Milton Keynes, UK) was used to boost 

compressor air to a max flowrate of 615 CFM (Re of 275,000) at near ambient conditions. The 

flowrate was monitored using a cylindrical averaging differential pressure probe and a differential 

pressure gauge manufactured by Dwyer (Michigan City, IN, USA) with an accuracy of 0.5% 

across the measurement range.  

3.2.2 Static Mixer Configurations 

Corrugated mixing elements with five plates and a corrugation angle of 45 degrees relative 

to the pipe axis were fabricated for use in the 1-inch, 2-inch, and 4-inch diameter pipes. The 

corrugated mixers were 3D-printed from acrylonitrile butadiene styrene plastic (ABS) material 

using the same 3D CAD drawing utilized for the CFD simulations. Two configurations were tested 

with both 2 and 3 mixer elements in series. The aligned configuration consists of mixer elements 

placed in series with no rotation of each mixer relative to the previous in series. By contrast, the 

rotated configuration consists of mixer placed in series with each consecutive mixer rotated by 90 
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degrees relative the previous. Figure 3.1 shows the aligned and rotated configurations with three 

mixing elements. 

 

Figure 3.1. Aligned (A) and rotated (B) configurations with three mixing elements 

Tsai et al. showed that flow channel configuration (45 vs. 60 degree channel angle) had 

essentially no bearing on the effective interfacial area but drastically affected the hydraulics [52]. 

Hohlfeld showed that for selective absorption of H2S a contact time of 0.01 – 0.03 sec is 

required which may be accomplished with multiple mixers in various arrangements [50]. In 

addition, multiple mixers can have a positive impact on the droplet size/interfacial area [53,54]. 

Zhu et al. showed that mass transfer coefficient correlates to specific power [53]. Therefore more 

mixing elements may promote mass transfer while also increasing energy dissipation in the form 

of pressure drop. This information was taken into account when determining the corrugation 

angle and configurations to test in the laboratory. 
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3.2.3 Computational Fluid Dynamics Simulation 

3.2.3.1 Grid Convergence 

To properly ascertain the level of mesh refinement necessary to accurately simulate the 

pressure loss through the complex mixer geometry, a grid convergence study was conducted. The 

1- and 4-inch mixer models were tested in the 3 rotated element configuration (i.e. three mixers 

oriented in the pipe at 90° with respect to each other). Meshes of coarse, medium, and fine spatial 

resolutions were constructed. All hex-dominant meshes were created using the snappyHexMesh 

utility provided in OpenFOAM version 1912.  

Celik et al. [55] and Roache [56] present a comprehensive methodology for determining 

the uncertainty associated with a particular grid refinement level. The method relies on utilizing 

a Richardson extrapolation to determine the value of a particular variable of interest (i.e. 

velocity, or pressure loss) in the limit of infinitely small cell size. First, the representative cell 

size is calculated by Equation 3.1. 

ℎ = [
1

𝑁
∑(Δ𝑉𝑖)

𝑁

𝑖=1

]

1
3

 3.1 

Where 𝑁 is the number of cells and Δ𝑉𝑖 is the volume of the 𝑖th cell. The ratio of cell 

heights between the different refinement levels can be defined. In this case, refinement level 1 

represents the finest mesh and refinement level 3, the coarsest mesh. Then the ratio between 

level 2 and level 1 would be 𝑟21 = ℎ2/ℎ1. The apparent order, 𝑝, may be calculated by iteratively 

solving Equations 3.2-3.3 
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𝑝 =
1

ln(𝑟21)
|ln |

ℰ32
ℰ21

| + 𝑞(𝑝)| 3.2 

𝑞(𝑝) = ln(
𝑟21
𝑝 − (

|ℰ32 ℰ21⁄ |
ℰ32 ℰ21⁄

)

𝑟32
𝑝 − (

|ℰ32 ℰ21⁄ |
ℰ32 ℰ21⁄

)
) 3.3 

 

Where ℰ𝑖𝑗 = 𝜙𝑖 − 𝜙𝑗 and 𝜙 is the variable of interest, such as pressure loss or local 

velocity. Finally, the extrapolated value may be calculated by Equation 3.4. 

𝜙𝑒𝑥𝑡
21 = (𝑟21

𝑝𝜙1 − 𝜙2)/(𝑟21
𝑝 − 1) 3.4 

The error relative to the extrapolated value can be estimated from Equation 3.5. 

𝑒𝑒𝑥𝑡
21 = |

𝜙𝑒𝑥𝑡
21 − 𝜙2

𝜙𝑒𝑥𝑡
21 | 3.5 

Finally, the grid convergence index (GCI), which has been shown to be a more reliable 

error estimate [55,56], can be calculated via Equation 3.6. Note the 1.25 factor which represents a 

safety factor.  

𝐺𝐶𝐼 =
1.25𝑒𝑒𝑥𝑡

21

𝑟21
𝑝
− 1

 3.6 

Steady-state, single-phase isothermal flow simulations were conducted at Reynolds 

numbers representing the low and high range from the experimental work for each of the meshes. 

A time-averaged representation of the flow field using the Reynolds-Averaged Navier Stokes 

(RANS) simulation approach was used to model the turbulent flow for all simulations in this 
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study. The two-equation realizable k-ε model was chosen to provide closure to the Reynolds 

stress terms. The realizable  k-ε model has been shown to provide good predictions of energy 

dissipation at the walls for separated flows with adverse pressure gradients at high Reynolds 

numbers that are representative of the flows encountered in this study [34]. Additionally, 

previous work has indicated that the k-ε turbulence modeling framework leads to good 

predictions when surface roughness is a factor, often better than other models such as the 

Reynolds stress transport model [57,58]. 

Table 3.1. Grid convergence simulation results with 3 rotated 1- and 4-inch elements 

Re Refinement Diameter Cell Count 𝒉 (m) 
Max Velocity 

at Outlet (m/s) 
ΔP (Pa) 

13,880  

Coarse 4 665,858 1.92E-03 3.83 38.1 

Medium 4 2,263,454 1.27E-03 4.05 39.2 

Fine 4 4,401,870 1.02E-03 4.25 39.6 

Extrapolated 4 - 0.00E+00 4.41 39.9 

145,738  

Coarse 4 665,858 1.92E-03 41.12 3717.9 

Medium 4 2,263,454 1.27E-03 39.19 3756.4 

Fine 4 4,401,870 1.02E-03 38.57 3768.5 

Extrapolated 4 - 0.00E+00 38.03 3778.6 

27,760  

Coarse 1 371,828 5.14E-04 4.45 95.0 

Medium 1 1,272,002 3.41E-04 4.49 94.7 

Fine 1 2,969,864 2.57E-04 4.24 98.5 

Extrapolated 1 - 0.00E+00 4.08 100.3 

208,197  

Coarse 1 371,828 5.14E-04 32.85 5292.6 

Medium 1 1,272,002 3.41E-04 30.17 5326.5 

Fine 1 2,969,864 2.57E-04 29.52 5341.8 

Extrapolated 1 - 0.00E+00 29.36 5350.6 

 

Figure 3.2 presents the pressure loss and max velocity profiles across the various grid 

refinements for a few selected cases. The extrapolated continuous value is also shown based on 

the calculations using Equations 3.1-3.6. Oscillation was only detected on one set of solutions 

with the 1-inch domain under low Reynolds number. The oscillatory behavior between the 
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medium and fine mesh refinements did not preclude finding an extrapolated solution in this case. 

Indeed, other studies have found that the Richardson extrapolation is capable of estimating error 

even is oscillation is present between refinement levels [59].  

 

Figure 3.2. Pressure loss and velocity trends across the various grid refinements tested. 

The extrapolated continuous value is also shown based on the calculations from Equations 3.1-

3.6 

The calculated GCI for the medium mesh refinement is provided in Table 3.2. Based on 

these results and the practical focus of this study, the errors associated with the medium mesh 

refinement were deemed acceptable.  
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Table 3.2. Grid convergence index (GCI) calculated for the medium mesh refinement 

  GCI - Medium mesh 

Diameter Re dP/L Max Outlet Velocity 

1 27,760 2.6% 8.5% 

1 208,197 0.6% 3.3% 

4 13,880 3.4% 7.6% 

4 145,738 0.3% 1% 

 

Figure 3.3 shows the velocity profile at a slice near the outlet for all mesh refinements 

under the high Reynolds number conditions in the 1-inch domain with 3 rotated elements.  

 

Figure 3.3. Velocity profiles near the outlet of the 1-inch domain with 3 rotated elements 

at high Reynolds number for each mesh refinement level. 

3.2.3.2 Pressure Loss Simulations 

Simulations of the total steady-state pressure losses were conducted using meshes created 

for 2 and 3 mixers in series at the medium refinement level determined during the grid 
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convergence study. Two configurations were tested as well; aligned and rotated described in the 

experimental section. The pressure drop of the different configurations of corrugated mixers 

were evaluated using OpenFOAM ver. 1912 with the simpleFoam solver. The solver is a steady-

state solver for isothermal incompressible flow. The SIMPLEC solver was chosen due to its 

proven fast, robust convergence [33]. Second-order upwind schemes were utilized for the flow 

and turbulence variables. Each simulation was run to convergence which was assessed by 

ensuring that the pressure loss (the variable of interest in this study) varied by less than 0.01% 

between iterations. The input density and viscosity were matched to the experimental conditions 

(i.e. air at ambient temperature and relevant experimental pressures).  

3.2.3.3  Numerical implementation of sand grain roughness in OpenFOAM 

Sand grain wall roughness is implemented natively in OpenFOAM version 1906 in the 

form of the nutkRoughWallFunction. This model manipulates the turbulent viscosity near 

the wall based on the turbulent kinetic energy to shift the near wall velocity distribution and 

account for simulated roughness. The wall is treated differently based on the dimensionless 

roughness parameter (𝐾𝑠
+) defined in Equation 3.7. 

𝐾𝑠
+ =

𝐶𝜇

1
4√𝑘𝐾𝑠

𝜈𝑤
 

3.7 

In Equation 3.7, 𝐶𝜇 is an empirical constant, 𝐾𝑠 is the equivalent sand grain roughness, 

𝜈𝑤 is the near wall kinematic viscosity, and 𝑘 is the turbulent kinetic energy at the wall. 

If 𝐾𝑠
+ ≤ 2.25 then no shift to the near wall velocity is applied, and the standard wall 

functions are utilized. If 2.25 < 𝐾𝑠
+ < 90 then a transitional roughness function (𝑓𝑛) is used to 

correct the law-of-the-wall as shown by Equation 3.8. 
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𝑓𝑛 = (
𝐾𝑠
+ − 2.25

87.75
+ 𝐶𝑠𝐾𝑠

+)

sin(0.4258(𝑙𝑛(𝐾𝑠
+))−0.811)

 3.8 

If 𝐾𝑠
+ ≥ 90 then the wall is treated as fully rough and the correction function (𝑓𝑛) takes 

the form of Equation 3.9. 

𝑓𝑛 = 1 + 𝐶𝑠𝐾𝑠
+ 3.9 

In the fully rough regime, the viscous sub-layer is completely destroyed. The correction 

to the near-wall turbulent viscosity is then accomplished via Equation 3.10. 

𝜈𝑡𝑤 = 𝜈𝑤 (
𝑦+𝜅

ln (
𝑦+

𝑓𝑛
) − 1

) 3.10 

Apsley [57] showed that the single-value and grain roughness implementation in CFD 

can accurately match predictions for rough pipe flow given by the Colebrook-White equation. 

The study showed that CFD simulation using the k-ε turbulence modeling approach could 

produce accurate predictions provided the near wall 𝑦+ > 13 which, on average, is met by all of 

the simulation geometries investigated in this study.  Although the minimum 𝑦+ value for some 

mesh cells was below this threshold value of 13, the deviation occurs at high curvature areas 

where mesh resolution demanded smaller values. The total cells that fell below this cut-off was 

calculated at less than 1% for the final meshes chosen for production simulations. 

3.2.3.4 Verification of sand grain roughness implementation in OpenFOAM 

To ensure that the OpenFOAM implementation was providing rational predictions with 

the current wall roughness implementation, simulations with an empty pipe at various roughness 
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heights and Reynolds numbers were also completed. For this an empty pipe mesh was also  

created using the software Gmsh which is capable of creating all-hexahedral cylindrical meshes 

with low skew [32].   

For all simulations, the impact of roughness was included using the native roughness 

handling implemented in the nutkRoughWallFunction boundary condition Figure 3.4 

shows the OpenFOAM predictions superimposed on the classic Moody chart for the Darcy 

friction factor [60]. Overall, the OpenFOAM wall roughness implementation produced results in 

good agreement with the Moody chart with an average variation of 5% across the range of wall 

roughness investigated (0 to 1,270 microns).   

 

Figure 3.4. Darcy friction factor data from the Moody chart (lines) along with friction 

factor predictions from OpenFOAM (symbols) [60] 
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Although the use of a single sand grain roughness has been questioned previously in the 

literature [61], the OpenFOAM implementation was shown to be adequate for the purposes of 

this study. For instance Kadivar et al. emphasized that the Moody diagram can over-estimate the 

friction factor for commercial steel pipes [61]. However, a more important issue regarding the 

use of Moody diagram is that of defining an appropriate roughness length scale to use as the 

roughness height. The Moody diagram was developed using the equivalent sandgrain roughness 

height, 𝐾𝑠. However, 𝐾𝑠 for a generic roughness cannot be accurately assigned a priori and must 

be determined experimentally/deduced from measurements as summarized above.  

Having ascertained the validity of OpenFOAM’s wall roughness model, the empty pipe 

wall roughness of our 1-inch, 2-inch and 4-inch pipes were deduced by first measuring the 

pressure drop across the pipes at different Reynolds numbers. Next, the Colebrook-White 

equation was used to fit the experimnetal data  and calculate the relative roughness [62]. The 

validity of the calculated wall roughness height for each pipe was then checked by repeating 

simulations with nutkRoughWallFunction at multiple flow Reynolds numbers and 

ensuring that they matched the corresponding empty pipe pressure loss measurements. 

The relative roughness of the mixing elements themselves was based on the materials of 

construction provided by the fabricactors. These values were used directly as input to 

nutkRoughWallFunction for all simulations. While all the details associated with this 

process are omitted for the sake of brevity, the deduced grain roughness heights (𝐾𝑠) associated 

with the empty pipe and mixing elements are summarized in Table 3.3 and the details are 

available in a previous study [62].  
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Note, in Table 3.3, that the high values of roughness for the pipe obtained in the 

experiment for the 1- and 2-inch empty pipes is attributable to the mixer element support 

structure which consisted of a retaining stud and weld beads around the curcumference of the 

pipe. Due to the difference in pipe material (PVC vs. steel) and scale, the 4-inch sized mixing 

elements were retained in the pipe with an interference fit between the mixing element plate 

edges and the pipe wall, thereby elminating the need for a retaining stud and leading to the lower 

relative roughness values for the pipe. 

3.2.3.5 Determination of Tortuosity 

One of goals of this study was to investigate if our previously developed pressure loss 

correlation across a single static mixer element was extendable to multiple mixer configurations 

[62]. One of the parameters in the correlation was the tortuosity across the different 

configurations. Given that experimental determination of this parameter can be tenuous and 

difficult in more complex geometries, a CFD methodology was adopted and validated. The 

definition of tortuosity is given in Equation 3.11, where 𝐿 is the overall length of the mixer (or 

series of mixers) in the primary flow direction, and ℓ is the average streamline length through the 

mixer or mixers [36]. 

τ = ℓ/L 3.11 

Using the post-processed flow field generated by OpenFOAM, the streamlines were 

evaluated to extract an average length. Figure 3.5 shows an image of a typical set of post-

processed streamlines in the 2 element configurations. Note that Figure 3.5 does not show all 

streamlines used for the analysis for the sake of visual clarity. To validate the procedure used to 
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calculate tortuosity and determine the optimal number of streamlines to utilize for computation, a 

sensitivity study was conducted using simulation data from the 1-inch case with 2 aligned mixer 

elements. The results are shown in Figure 3.6 and indicate that an average path length from least 

10,000 streamlines need to be calculated to estimate tortuosity that is accurate to two significant 

figures. 

 

 

Figure 3.5. Example of streamlines calculated from CFD for the calculation of tortuosity: 

(Top) Two mixing elements (aligned); (Bottom) Two mixing elements (Rotated) 

The procedure was then repeated across all the mixer configurations investigated and the 

results are summarized in Table 3.3.  
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Figure 3.6. Sensitivity analysis for tortuosity calculation procedure for 1-inch case with 2 

aligned mixer elements. 

3.2.3.6 Mean residence time 

Estimates of the mean residence time were also made by post-processing the fluid path 

lines in ParaView. The streamlines were calculated from the inlet of the mixer composite to the 

outlet of the mixer and the residence times estimated by averaging across all path lines. An 

average of 10,000 streamlines was calculated for each residence time average. Mean residence 

times for all sizes and configurations tested are shown in Figure 3.7. Figure 3.7 provides an 

initial estimate of mixer configurations that might provide adequate residence time (0.01 – 0.03 

sec) for H2S capture by caustic solutions at different Reynolds numbers. The difference in mean 

residence time between the aligned and rotated configurations diminishes at higher Reynolds 

numbers (increasing mixer diameter and/ velocities). 
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Figure 3.7. Mean residence times for different mixer configurations, diameters, and velocities 
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3.3 Results 

3.3.1 Literature Model Comparison 

The pressure loss data was aggregated and plotted against other currently available 

literature models. The models of Paglianti et al. [16], Cavatorta et al. [18], and Bravo et al. [17] 

were included in the analysis. For the model of Paglianti et al. [16], the values of porosity (𝜖) and 

the mixer channel hydraulic diameter 𝐷𝑐 were identical to those in Table 3.3. 

For the models of Cavatorta et al. [18]and Bravo et al. [17], the values of 𝑎′ (edge length 

of plate corrugation) were extracted directly from the CAD files of the mixers. The sand grain 

roughness of the mixer elements were also determined from the materials of construction and the 

roughness of the pipe housing were also determined by measuring pressure loss in the empty 

pipe housing without mixers and fitting to the Colebrook-White equation. Extensive details of 

this procedure are given in previous work [62] and they compared well against the estimates 

from CFD (section 2.2.4) that are reported in Table 3.3.  
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Table 3.3 Experimental and CFD Model Mixer Element Dimensions 

D (in) L/D Configuration ε τ Dc (in) Ks-mixer (micron) Ks-pipe (micron) 

1 1 

1 Element 

0.756 

1.32 

0.129 10 4,679 

2 Aligned Elements 1.30 

2 Rotated Elements  1.32 

3 Aligned Elements 1.28 

3 Rotated Elements 1.34 

2 1 

1 Element 

0.879 

1.29 

0.315 10 5,347 

2 Aligned Elements 1.29 

2 Rotated Elements  1.34 

3 Aligned Elements 1.33 

3 Rotated Elements 1.34 

4 1 

1 Element 

0.879 

1.29 

0.693 100 11 

2 Aligned Elements 1.30 

2 Rotated Elements  1.31 

3 Aligned Elements 1.30 

3 Rotated Elements 1.32 

 

It is worth noting that the pipe roughness values reported in Table 3.3 are much higher 

than those reported in the literature for similar materials of construction. For instance, in 

experimental studies [63,64] equivalent sand-grain roughness of commercial steel pipes was 

computed by fitting flow measurements to the Colebrook or Nikuradse correlations and 𝐾𝑠 was 

found to be in the range 2-20 μm. Additionally, surface roughness measurements via scan or via 

contact equipment indicated a 1-20 μm range. Even for a rough steel pipe, Galavics [65] reported 

a value of 130 μm, which is less than an order of magnitude than the 𝐾𝑠 values for steel pipes in 

the shown in Table 3.3. 

While the pipe and fittings used for this experimental apparatus were indeed rough 

(visually), the major contributor to the roughness values were: the retaining studs placed inside 

the pipe (to prevent the static mixing devices from flowing downstream) and the weld beads in 

the pipe walls. Since, geometrically resolving the retaining studs and pipe wall weld beads would 
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dramatically increase the mesh count, their effects were accounted for in the “equivalent sand 

grain roughness height” (𝐾𝑠) employed in the simulations. While we did not attempt to specify a 

spatially varying sand grain roughness height in our simulations, we did indeed assign distinct 

values of 𝐾𝑠 for the mixer and pipe based on experimental determinations, as shown in Table 3.3. 

Figure 3.8 shows the aggregated results of the pressure loss measurements in 1-, 2-, and 

4-inch sizes and multiple configurations. The model of Paglianti et al. [16] fit the data the best, 

especially at lower Reynolds numbers. This is likely because Paglianti et al. addressed the 

pressure losses between mixers using an interfacial length concept which is analogous to 

tortuosity [16]. At Reynolds numbers greater than 50,000, all the available literature models were 

unable to predict the pressure loss characteristics accurately. In particular, Paglianti et al. [16] 

reports data only up to a Reynolds number of 40,000 whereas  the models of Cavatorta et al. [18] 

and Bravo et al. [17] are  limited for Reynolds numbers below 10,000. It is likely that all the 

literature models are limited by being formulated primarily on low Reynolds number data. 

Indeed, although Streiff et al. [30] presents some data at higher Reynolds numbers, it is not 

sufficiently generalized for geometry and flow variables to be broadly useful or reproducible. 

The data of this study is consistent with previous studies that suggest that pressure losses are 

generally higher through corrugated mixing elements as compared to other industrial mixers. 

Despite this, the corrugated style mixer has been shown to produce very high interfacial area in 

co-current flow configurations, making it an attractive choice for mass transfer operations 

[19,66]. 
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Figure 3.8. Pressure loss data and models of Paglianti et al. [18], Cavatorta et al. [16], and 

Bravo et al. [19], for 1-inch (A), 2-inch (B), and 4-inch (C), and percentage difference between 

the literature models and the experimental data of this study for 1-inch (D), 2-inch (E), and 4-

inch (F) 
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3.3.2 Semi-Analytical Model 

3.3.2.1 Pressure Drop per Unit Length 

It was desirable to adopt a theoretical model that permitted sufficient generalization in 

terms of geometrical and flow variables to be broadly applicable. The model of Comiti and 

Renaud [38] was originally formulated for generalized flow through a packed bed. In this study, 

we adopt and expand this approach to provide a more general framework for pressure loss 

modeling in corrugated mixer geometries that can extend over a wide range of flow conditions 

(Re > 50,000 in particular).  

First, the superficial velocity through the mixer can be expressed as a function of the 

mean flow velocity (𝑢0), the tortuosity (𝜏) and void fraction (𝜖) of the mixer [38].  

𝑢𝑠 =
𝑢0𝜏

𝜖
 3.12 

Where τ = ℓ/L and ℓ is the average streamline length through the mixer of length, L. At 

low Reynolds numbers, the pressure loss through a porous media is proportional to the viscous 

forces and the kinetic energy losses of the flow. However, at high Reynolds number conditions, 

the kinetic-energy losses comprise the largest contribution to pressure loss.  The model presented 

by Comiti and Renaud is useful for understanding generalized flow through a porous media [38]. 

By grouping the viscous pressure loss term, expressed by the Poiseuille equation with 

modifications, and the kinetic terms, a combined pressure loss expression for flow through a 

porous structure may be expressed [39]. Similarly, the pressure losses through a static mixing 

element can be expressed in terms of the viscous losses (Δ𝑃𝑣) and the kinetic losses (Δ𝑃𝑘). The 

addition of these two terms results in the total pressure loss across the mixer (Δ𝑃𝑇). 
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Δ𝑃𝑇 = Δ𝑃𝑘 + Δ𝑃𝑣 3.13 

For the static mixer, the viscous losses may be described by the Poiseuille equation with 

several key modifications. First, since the flow through the mixer channel is turbulent in this 

scenario, the parabolic velocity profile assumed by the traditional formulation of the Poiseuille 

equation is no longer accurate. In laminar flow, the maximum velocity occurs at the centerline of 

the conduit and the average fluid velocity under laminar flow is defined by Equation 3.14. 

𝑢0𝑙𝑎𝑚 =
𝑢𝑚𝑎𝑥

2
  3.14 

In contrast, during turbulent flow the velocity profile changes and no longer follows the 

parabolic profile. The power-law velocity profile as been shown to describe the average turbulent 

flow velocity profile adequately. The relationship between the maximum velocity and the average 

velocity based on the power-law velocity profile is expressed as Equation 3.15 where 𝑛 is the 

power-law index.  

𝑢0𝑡𝑢𝑟𝑏

𝑢𝑚𝑎𝑥
= 

2𝑛2

(𝑛+1)(2𝑛+1)
  3.15 

Hinze (1975) proposed Equation 3.16 as a method to determine the power-law index 

based on the Reynolds number [67]. 

𝑛 =  −1.7 + 1.8 log(𝑅𝑒𝑐)  3.16 

Utilizing the minimum Reynolds number measured in the mixer channel in this study 

(Rec: 2784), the power law index is calculated as 𝑛 = 4.5. Using this value in Equation 3.15 and 
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substituting the results in Equation 3.14 yields a correction factor (𝛼1) for the turbulent flow in 

the mixer channel. 

𝛼1 =
𝑢0𝑡𝑢𝑟𝑏

𝑢0𝑙𝑎𝑚
=

0.74

0.5
= 1.48  3.17 

Secondly, the standard Poiseuille equation is primarily validated for cylindrical flow 

conduits. It has been shown that the Poiseuille equation must be corrected for non-circular 

conduits, like the triangular mixer channel in this work. Utilizing the correction factors 

determined by Lewis & Boose (1995), the shape correction has been determined 𝛼2 = 1.52 [68]. 

The final formulation for the viscous contributions is given in Equation 3.18. 

Δ𝑃𝑣

𝐿
=

𝛼1𝛼232𝜏
2𝜇𝑢0

𝜖𝐷𝑐
2  ≅  

72𝜏2𝜇𝑢0

𝜖𝐷𝑐
2     3.18 

Note that for different flow regimes or mixer channel shapes, the values of 𝛼1 and 𝛼2 

may change. The kinetic contributions can be expressed by the Darcy-Weisbach formulation 

with modifications for the porous nature of the mixer. 

Δ𝑃𝑘

𝐿
= 

2𝐶𝑝𝜏
3𝜌𝑢0

2

𝜖2𝐷𝑐
  3.19 

This leads to the new formulation presented in Equation 3.20. 

Δ𝑃𝑇

𝐿
=

72𝜏2𝜇𝑢0

𝜖𝐷𝑐
2 +

2𝐶𝑝𝜏
3𝜌𝑢0

2

𝜖2𝐷𝑐
  3.20 

In Equation 3.20, 𝐶𝑝 is the effective friction factor of the interior mixer channel wall. 

When the assumption is made that the macroscopic roughness (𝑒) (i.e. geometric bends) of the 

channels is on the same order of magnitude as the channel diameter itself, the friction factor of 
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the channel can be estimated via the classic Nikuradse equation for fully turbulent flow in highly 

rough pipes in the natural logarithm form [42]: 

1

√𝐶𝑝 2⁄
= 2.46 ln (

𝐷𝑐

2𝑒
) + 4.92  

3.21 

Under the assumption that 𝑒 ≅ 𝐷𝑐, the friction factor for the kinetic-loss term becomes 

𝐶𝑝 ≅ 0.1936. which is appropriate when the channels have many flow directional changes 

before impacting the pipe housing. However, when the mixer channels end at the pipe housing 

wall, as in the case of the corrugated mixer in this study, a better assumption is that 𝑒 ≅ 𝐷𝑐 2⁄  

which leads to 𝐶𝑝 ≅ 0.0826  by solving Equation 3.21 [38]. 

3.3.2.2 Friction Factor 

By re-arranging Equation 3.20, a combined friction factor for the mixer as a porous 

media may be conveniently defined: 

𝑓𝑐 =
𝐷𝑐Δ𝑃𝜖

2

2𝐿𝜌𝑢0
2𝜏3

=
36𝜖𝜇

𝜌𝑢0𝜏𝐷𝑐
+ 𝐶𝑝  3.22 

The dimensionless first term on the right hand side of Equation 3.22 is a Reynolds 

number for the mixer channel which can is defined in Equation 3.23. 

𝑅𝑒𝑐 =
𝜌𝑢0𝜏𝐷𝑐

𝜖𝜇
  3.23 

Finally, combining Equations 3.21, 3.22, and 3.23, the semi-analytical friction factor 

model for the mixer in terms of the channel geometry is given in Equation 3.24. 
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𝑓𝑐 =
36

𝑅𝑒𝑐
+ 0.0826  3.24 

This final expression is used as a semi-analytical basis for comparison with the 

experimental data. Equation 3.20 can be functionally expressed in terms of total pressure loss via 

Equation 3.25. 

Δ𝑃𝑇

𝐿
=

2𝑓𝑐𝜌𝑢0
2𝜏3

𝐷𝑐𝜖2
  3.25 

The first term of Equation 3.24 represents the viscous contributions to flow and is 

primarily controlling in the low Reynolds number regimes. The second constant term is 

attributable to the losses in high turbulence associated with the rough corrugations and dominates 

at high Reynolds numbers. Legrande (2002) proposes that the change from Darcy flow to 

transitional flow occurs near 𝑅𝑒𝑐 = 13 and the fully turbulent regime starts near 𝑅𝑒𝑐 = 830 [40] 

although a previous study found that the transition may occur at higher Reynolds numbers in the 

corrugated mixer geometry [62].  This correlation respects the finding of previous studies that 

the friction factor reaches constant value at high Reynolds numbers [69]. Qualitatively, the 

correlation also bears resemblance to skin friction factor profiles for rough surfaces measured by 

Flack et al [70]. It is important to note that the correlation only accounts for the macroscopic 

roughness, manufacturing and geometric features, rather than microscopic roughness which was 

included in the CFD study. 

3.3.3 Model Validation 

The experimental data was aggregated and processed by calculating the pressure loss per 

unit length of mixing elements. The pressure losses due to the empty pipe sections that didn’t 
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include any mixer elements were subtracted to obtain the actual losses associated with each 

mixer configuration. The experimental data along with the predictions of Equation 3.25 are 

presented in Figure 3.9 – Figure 3.11 for the 1-, 2-, and 4-inch mixing elements. Based on the 

results, several trends emerged. First, the aligned configurations exhibited lower pressure losses 

compared with the rotated configuration. This is somewhat intuitive given the more complex 

flow path associated with the rotated configuration. For the rotated configurations, the addition 

of more elements (i.e. from 2 to 3 elements) led to slightly less total pressure loss per unit length 

on average. This may be due to the dilution of the contributions from mixer inlet/outlet losses by 

the overall internal pressure losses [71].  
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Figure 3.9. Pressure loss data compared with the semi-analytical model presented in 

Equation 3.25 for 1-inch corrugated mixer elements for 2 mixer elements (A) and 3 mixer 

elements (B) 
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Figure 3.10. Pressure loss data compared with the semi-analytical model presented in 

Equation 3.25 for 2-inch corrugated mixer elements for 2 mixer elements (A) and 3 mixer 

elements (B) 
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Figure 3.11. Pressure loss data compared with the semi-analytical model presented in 

Equation 3.25 for 4-inch corrugated mixer elements for 2 mixer elements (A) and 3 mixer 

elements (B) 
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The semi-analytical model was generally accurate at predicting the pressure losses 

associated for the different diameters and configurations. The inclusion of tortuosity in the 

correlation appeared to capture the small difference in pressure losses between the aligned and 

rotated configurations. For all the data, the mean absolute percentage error (MAPE) for the data 

compared to the predictions of semi-analytical correlation (cf. Equation 3.25) is given in Table 

3.4. The correlation showed the best predictions above pipe Reynolds numbers of about 30,000. 

Table 3.4. Mean absolute percentage error (MAPE) of the semi-analytical model 

(Equation 3.25) compared to the experimental data 

Configuration 
Nominal Diameter (in) 

1 2 4 

1 Element 13.4% 8.9% 16.4% 

2 Aligned Elements 12.8% 7.4% 7.2% 

2 Rotated Elements 15.0% 5.1% 8.3% 

3 Aligned Elements 13.8% 9.9% 11.7% 

3 Rotated Elements 9.7% 4.0% 7.6% 

 

To further validate the accuracy and capability of the semi-analytical correlation for 

prediction of pressure losses in various configurations, the data of Paglianti et al. [16] was 

extracted for comparison to the correlation. The data was extracted for 0.04 m diameter, 5-plate 

corrugated mixing elements in the aligned and rotated configuration with 2 and 3 elements. The 

void fraction of each mixer was listed by the authors as 𝜖 = 0.63. To determine the tortuosity, a 

mixer with the same size and void fraction was created from the original CAD model and the 

tortuosity for each scenario was estimated using the CFD method described in the earlier 

sections. The parameter 𝐷𝑐 was also determined from the CAD model since it was not provided 

by the authors. 
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Figure 3.12. Data of Paglianti et al. [16] plotted with the semi-analytical model of 

Equation 3.25 

The data of Paglianti et al. [16] was predicted quite well by the model of Equation 3.25 as 

shown in Figure 3.12. The experiments of Paglianti were carried out for the fluid near that of 

water (995 kg/m3) and Reynolds numbers up to about 45,000 [16]. The semi-analytical model 

could predict the pressure loss with an overall MAPE of 6.7% compared to the experimental data 

in Figure 11. The error was higher for Reynolds numbers below about 15,000 which suggests the 

use of Equation (19) should primarily be at higher Reynolds number conditions.  

It is noteworthy that the reported values are well within the pressure drop of 13,800 Pa 

that is reported as optimal for operating co-current H2S scrubbers [50]. Energy dissipation rates 
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and mass transfer coefficients were compared in literature and correlated well indicating that 

large pressure drops (within appreciable limits) are acceptable as long as it promotes effective 

mass transfer [72,73].  

3.3.4 CFD Prediction of Pressure Loss 

3.3.4.1 Comparison with Correlation 

OpenFOAM CFD simulations were evaluated for prediction of the pressure loss across 

multiple configurations and diameters for the corrugated mixers. The fluid conditions of the 

experiments were used as input to all the simulations. The rotated and aligned configurations 

were evaluated in the 1-, 2-, and 4-inch sizes. The sand grain roughness for the pipe wall and 

mixer elements was determined previously and is given in Table 3.3. Figure 3.13 – Figure 3.15 

show the CFD simulation results along with the semi-analytical model. Overall, OpenFOAM 

provided good agreement with experimental measurements and the semi-analytical correlation of 

Equation 3.25. 
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Figure 3.13. OpenFOAM CFD simulations compared to Equation 3.25 for the 1-inch 

mixer configurations for 2 mixer elements (A) and 3 mixer elements (B) 
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Figure 3.14. OpenFOAM CFD simulations compared to Equation 3.25 for the 2-inch 

mixer configurations for 2 mixer elements (A) and 3 mixer elements (B) 
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Figure 3.15. OpenFOAM CFD simulations compared to Equation 3.25 for the 4-inch 

mixer configurations for 2 mixer elements (A) and 3 mixer elements (B) 
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3.3.4.2 Impact of Tortuosity and Void Fraction 

To examine the ability of the correlation to account for wide variations in tortuosity and 

void fraction, a 1-inch (25.4mm) diameter CAD model of a mixer with thicker corrugated plates 

was created. This mixer model possessed a tortuosity of 1.17 (compared to 1.3 for the original 

design) and a void fraction of 0.447. As before, the pressure loss was simulated over a range of 

Reynolds numbers using OpenFOAM. The correlation of Equation 3.25 was also calculated 

using the new design. Figure 15 shows the large impact of changing the tortuosity and void 

fraction on the overall pressure loss profile. As would be anticipated, the lower void fraction 

contributed to much larger pressure losses through the mixer. Despite the changes, the 

correlation of Equation 3.25 was able to account for the geometric differences and predict 

pressure loss values similar to those produced by OpenFOAM. 
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Figure 3.16. Pressure loss predictions for CFD simulations of single 1-inch mixers with 

different tortuosity and void fraction compared to the correlation of Equation 3.25 (dashed lines) 
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demonstrate the importance of including roughness when utilizing lab and pilot scale 

measurements for generalizing correlations. 
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Figure 3.17. Difference in pressure loss predicted by OpenFOAM CFD with and without 

wall roughness for 1-inch (A), 2-inch (B), and 4-inch (C) static mixers 
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Comparison of the CFD simulations with the experimental data made clear that failing to 

account for roughness can results in large under- or over-prediction of pressure loss when using 

lab data to scale-up for applications in the field. As a result of this study, we recommend the 

following experimental workflow when conducting pressure loss measurements at laboratory 

scales.  

1. Ensure that the roughness of the conduit is measured or able to be approximated. 

This is more critical in pressurized gas piping where imperfections or rough 

connection points are more common. 

2. Subtract or otherwise account for any excess losses in the system that occur 

between the differential pressure measurement locations (i.e. excess pipe run or 

connections). 

3. If conducting CFD simulations, utilize sand grain roughness estimates within the 

simulations to aid in developing predictions that are more accurate, remembering 

that roughness effects will be more dominant at smaller diameters. 

3.4 Conclusions 

Corrugated mixing elements are a viable option for sour gas sweetening in the range of 

Reynolds numbers encountered in natural gas pipeline systems between 105 < Re < 106. 

Unfortunately, currently available correlations for pressure drop across these configurations have 

been formulated for Re < 104 and can show widespread prediction disparity (up to 50%) when 

extended beyond their intended range of application. To fill this void, the results from an 

experimental and numerical study of pressure drop for Re in the range (104 < Re < 2x105) 

encompassing different configurations (aligned, rotated) of corrugated mixing elements in series 
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for a range of pipe diameters (1 inch to 4 inches), mixer sand grain surface roughness (10 

microns – 100 microns) and pipe housing roughness are reported here. Based on the results the 

following conclusions can be drawn: 

1. Our previously proposed correlation for pressure loss across a single mixing 

element at high Reynolds numbers is shown to be robust enough to be applicable 

to multiple corrugated mixing elements across all the investigated configurations. 

On average, the correlation predicted all the experimental pressure loss data with 

a MAPE of 9.4%. In addition, the model includes separate terms for viscous and 

kinetic contributions enabling it to encompass a broad range of Reynolds number 

for its applicability.  

2. Through the inclusion of the mixer tortuosity (τ), porosity (ε) and macro-scale 

geometric mixer wall roughness (𝑒), the correlation not only matches historical 

pressure drop data (at different τ, ε) reported by other researchers but also 

demonstrates their utility as adjustable parameters (during the mixer 

manufacturing process) that can help optimize its performance. This was 

ascertained by employing a well validated computational fluid dynamics CFD 

methodology. 

3. The tortuosity (τ) associated with these complex configurations were estimated 

from averaging the length of fluid path lines from CFD simulations. This method 

provides an easy way to estimate τ as an alternative to complex/prohibitive mixer 

geometry-based estimates. 

4. Both the experiments and CFD modeling revealed that while the pressure drop per 

unit length (at a fixed Reynolds number) were relatively invariant to the number 
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of mixing elements or the mixer configuration, the rotated configuration increased 

the residence time by up to 13% in comparison to its aligned counterpart. This 

effect was more pronounced in the smaller diameter mixer configurations. This 

may have implications on the selective absorption of sour gas components that are 

based on fast kinetics. For instance, the selective absorption of H2S (as opposed to 

CO2) in caustic solution requires an optimal residence time in the range 0.01 – 

0.03 seconds [50]. 

5. In lieu of alleviating recently reported concerns regarding the adequacy/validity of 

using the traditional Moody chart, measurements of pressure drop in an empty 

pipe were taken to estimate a sand grain roughness using the Moody chart. The 

estimated sand grain roughness was then provided as an input parameter in the 

CFD simulations of the empty pipe experiments. The pressure loss from the CFD 

simulations agreed to within 5% of the corresponding experimental measurements 

thereby ascertaining the validity of employing a single sand grain roughness to 

represent the loss profile across the entire pipe in the experiments. This procedure 

was repeated across the different pipe diameters and unique sand grain roughness 

values for each pipe diameter was estimated. The sand grain roughness of the 

different static mixers was estimated from the manufacturing process and material 

and also validated against CFD simulations. 

6. CFD simulations showed good agreement (within about 8%) against the 

experimental data for all the configurations tested. The necessity of accounting for 

surface roughness when using CFD for predictions at lab scale was established by 

conducting the same simulations with and without the native sand grain 
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roughness. Mixing element and pipe housing roughness exhibited the largest 

influence on pressure loss, up to 55%, on the smaller diameter tests and at lower 

velocities. These results demonstrate the necessity of accounting for surface 

roughness (for both pipe and mixer) when utilizing lab and pilot scale data for 

estimating pressure losses in larger scale installations. 
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CHAPTER 4  

Two-Phase Pressure Loss Correlation for Co-Current Flow in Corrugated 

Plate Static Mixers and Structured Packing3 

Abstract 

Co-current contacting of gas and liquid with a gas-continuous phase is a process with 

industrial relevance for natural gas processing, biogas upgrading, and carbon capture. 

Intensification of this process requires knowledge of wet pressure losses associated with the 

static mixer reactor system. There is currently a dearth of literature investigating two-phase co-

current pressure loss in corrugated geometries such as static mixers and structured packing. To 

this end, an experimental campaign was completed to investigate multi-phase pressure loss in 

corrugated plate geometries under co-current flow. A correlation is developed based on the 

separated flow model of Lockhart & Martinelli [2] and previous work for single phase flows 

[62]. The new correlation is shown to provide superior predictions (overall MAPE = 17%) for 

multi-phase flows in corrugated plate geometries, especially for high gas Reynolds numbers and 

lower liquid loading. The final correlation for the two-phase pressure loss is presented as:  

(
Δ𝑃

𝐿
)
𝑇𝑃
= [1 + (√

𝜌𝐺
𝜌𝐿
+√

𝜌𝐿
𝜌𝐺
)𝜒

0.857+1.143 (1+(𝑅𝑒𝑐𝐺 𝑅𝑒𝑐𝐺𝑐𝑟𝑖𝑡
⁄ )

5.94
)⁄
+ 𝜒2] (

Δ𝑃

𝐿
)
𝐺
 

Where 𝑅𝑒𝑐𝐺𝑐𝑟𝑖𝑡
= 24,920 for the data collected in this study and (

Δ𝑃

𝐿
)
𝐺

 is calculated 

from the correlation provided in previous work [62]. The model of Ishii & Gromles [74] is 

 
3 Reprinted with permission from Lowry, E. & Krishnamoorthy, G. Two-Phase Pressure Loss Correlation 

for Co-Current Flow in Corrugated Plate Static Mixers and Structured Packing. To be submitted to The Canadian 

Journal of Chemical Engineering.  
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shown to be useful for estimating the value of 𝑅𝑒𝑐𝐺𝑐𝑟𝑖𝑡
 as the onset of entrainment in the 

corrugation channel which is idealized as a rough conduit. The critical role of entrainment onset 

is captured as the interfacial contribution to pressure loss and is identified as an important 

parametric difference between co-current and counter-current flow in corrugated geometries. 

4.1 Introduction 

Corrugated sheet geometries are commonly used for industrial mass transfer processes 

due to their relative ease of manufacture, high mass transfer rates, and high specific areas 

[15,27,75,76]. In addition to industrial structured packings (such as Sulzer MellapakTM), these 

geometries are in use as static mixing devices, specifically when a gas-continuous phase is 

present [1,19]. Counter-current flow in these geometries, in which liquid flows vertically down 

the plates while gas flow vertically upward, has been studied at low gas Reynolds numbers very 

extensively. Stichlmair et al. [77] provided a correlation for wet pressure loss in counter-current 

flow through packed columns, including corrugated packing geometries. Rocha et al. [78] 

adopted a channel model approach and utilized a semi-empirical approach to correlate the wetted 

pressure losses in counter-current flow with corrugated packings. Brunazzi & Paglianti presented 

a thorough model for multiphase pressure losses in corrugated geometries in counter-current 

flow [79]. Their model predicted the multiphase pressure losses acceptably up to gas Reynolds 

numbers of about 10,000. Additionally, the study provided a correlation for liquid reversal in 

counter-current flow, commonly known as flooding [79].  

Co-current flow occurs when both phases (gas and liquid) flow in the same direction, 

either vertically up or down or in a horizontal configuration. Co-current flow through structured 

packing and corrugated static mixers is often utilized when a reaction is taking place such as 
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hydro-cracking, alcohol oxidation, or hydrodesulfurization as well as acid gas removal with 

caustic, amine, or ferric solvent [50,80–83]. By choosing a co-current operation, chemical 

processes can be intensified by employing a small diameter pipe or column shell. Additionally, 

previous work has demonstrated very high mass transfer coefficients can be achieved using co-

current operation with corrugated plate mixers or packing, often an order of magnitude higher 

than counter-current operation and multiple times more than monoliths or spherical packings 

[19,84,85]. 

Generally, pressure loss in multi-phase co-current flow in a conduit can be examined 

using two theoretical approaches: the homogenous flow [86,87], and separated flow models [88]. 

The separated flow model, most commonly attributed to Lockhart & Martinelli [2] who proposed 

its use for two-phase pipe flow, considers the flow to consist of individual single phase pressure 

losses that can be calculated as if each of the phases were flow alone through the geometry. 

Chisholm [89] provided an analytical closure to the Lockhart-Martinelli equations that included a 

term for interfacial pressure losses due to energy transfer between phases [90,91]. The separated 

flow model has been employed previously in geometries ranging from helical ribbon mixers [92] 

and SMX mixers [28], to random packed beds [93,94]. 

Despite significant effort into understanding the multiphase pressure loss in corrugated 

plate geometries under counter-current flow conditions, there exists no correlation in the open 

literature for co-current pressure loss when gas and liquid phases are present. To address this 

issue, an experimental study of multiphase pressure loss in corrugated plate mixers was 

undertaken to develop a more accurate correlation for co-current multiphase pressure loss, with 

specific focus on higher Reynolds numbers that are more common in field applications. The 

following section outlines the experimental methods used for measuring the pressure loss data. 
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Additionally, a theoretical approach is developed in view of previous multiphase correlations. 

The results are presented, along with the new correlation developed. Data from a previous study 

is also compared to the proposed correlation. Finally, recommendations for use of the correlation 

in design and potential future work directions are discussed. 

4.2 Methods 

4.2.1 Experimental System 

To measure the experimental multiphase gas-liquid pressure loss variables across static 

mixing systems, a flow system was constructed. The system was designed to operate with 

compressed air up to a pressure of 120 psig. Air flow (at 110 psig) was supplied by a 150 HP air 

compressor with a 1,000 gal pressure vessel. All process piping was composed of schedule 40 

stainless steel in 1-inch nominal sizing. A pipe run of 24 inches was allowed after the inlet valve 

to allow the flow to fully develop prior to measuring the flowrate using a cylindrical averaging 

differential pressure probe. The differential pressure gauges for the flowmeter and measurement 

section were acquired from Alicat Scientific, Inc. (Tuscon, AZ, USA) and have a calibrated 

accuracy of 0.2% across the entire range of Reynolds numbers. A computer data acquisition 

system was used to log the data from the differential pressure meters. The system could produce 

maximum velocities of around 30 m/s in the 1-inch empty pipe configuration (Re of 440,000). 

The piping configuration was constructed to allow the measurement section to be switched to a 

2-inch nominal pipe run for measurements in a larger diameter. For all tests, a pipe run of at least 

10 pipe diameters was placed before the start of the measurement section to allow for flow 

development. Table 4.1 provides the range of experimental conditions. The ranges of liquid and 
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gas rates were chosen to approximate, as much as possible, ranges experienced in the field. For 

example, operating field H2S scavenger installations can operate between 𝑅𝑒𝐿 = 5 − 1000 [95]. 

 

 

Table 4.1. Range of experimental conditions for two-phase pressure loss measurements 

Variable Range 

Gas Velocity (m/s) 1 – 26 

Liquid Rate (mL/min) 10 – 690 

Gas Density (kg/m3) 11 – 2.3 

Pipe Diameter (in) 1 – 2 

Number of Mixing Elements 1 – 5 

ReG 3,065 - 320,400 

ReL 9 - 590 

 

The liquid injection was accomplished using a positive displacement piston pump with 

pulseless flow which introduced the liquid into the gas flow via an injection quill placed at the 

centerline of the pipe. The quill was positioned 5 pipe diameters upstream of the mixer(s) and 

differential pressure measurements we obtained before and after the mixing elements. Figure 4.1 

shows the cross-sectional drawing view of the experimental system for 1-inch mixing elements. 
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Figure 4.1. Cross-sectional side view of the experimental system for 1-inch test element 

4.2.2 Static Mixer Geometry 

The static mixers were fabricated from stainless steel and designed to fit inside the 1- and 

2-inch pipe housings used in the experimental system. A variety of configurations were tested 

including multiple mixers in series to obtain an average pressure loss per unit length for the 

mixing elements under multiphase flow conditions. Previous study has shown minimal 

difference in pressure loss per unit length with variation in rotational orientation of mixers in 

series. Each mixer element is characterized by channels that are oriented at 45 degrees relative to 

the pipe axis. An equivalent hydraulic diameter of the mixer channel may be defined (𝐷𝑐) based 

on the perimeter of a single mixing channel as in Equation 4.1 and illustrated in Figure 4.2. 

𝐷𝑐 =
𝒫

𝜋
  4.1 

Additionally, each mixer possesses an intrinsic void fraction (𝜖) and tortuosity (𝜏) which 

define the flow characteristics of the mixer [62]. The characteristics for the mixing elements used 

in this study are given in Table 4.2. 
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Figure 4.2. 3D CAD rendering of the corrugated mixers used for experimental measurements. 

The red dashed lines denote the perimeter (P) of one channel used for determination of the mixer 

channel hydraulic diameter 

 

 

Table 4.2. Experimental Mixer Element Conditions 

D (in) L/D ε τ Dc (in) Ks (micron) 

1 1 0.756 1.32 0.126 10 

2 1 0.879 1.29 0.315 10 

 

4.2.3 Computational Fluid Dynamics (CFD) Methods 

Computational fluid dynamics (CFD) simulations were conducted with a multi-phase 

model to ascertain the accuracy for predicting two-phase pressure loss. A single mixing element 

was simulated using a mesh that was generated in a previous study and shown to reproduce 

single-phase experimental data [62]. Ansys Fluent version R2021 was used for conducting the 

simulations and analyzing the data. The discrete phase model (DPM) was chosen to represent the 

liquid phase. The DPM approach treats liquid droplets as particles with a defined diameter, mass, 
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and velocity, from which the appropriate momentum source terms are generated and transferred 

to the gas phase. The droplets were injected at the inlet of the domain into an area equivalent to 

the injector quill cross-section as shown in Figure 4.1. A fixed mass flow of liquid was specified 

for each simulation as well as a gas velocity at the inlet. The gas and liquid properties were 

chosen to match the average experimental properties. Droplets were tracked in a steady-state 

fashion every 50 iterations of the continuous phase. The standard spherical drag force model was 

applied to the droplets and the droplet diameter was fixed uniformly for all droplets. A 

parametric study of the impact of injected droplet size was conducted by varying the size from 

25 microns to 1000 microns. At higher Reynolds numbers, the droplet size had less than 5% 

impact over the droplet size range. At low Reynolds number, the impact of droplet size reached 

27%. Based on the results of the droplet size evaluation, 100-micron droplet size was chosen for 

the final simulations. 
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Figure 4.3. Change in ΔP/L with different droplet sizes relative to the differential pressure with 

25-micron droplet size 

The walls of the mixer and pipe were calculated as ideal reflecting surfaces for the 

droplet phase and no droplets were absorbed by the surface. The pressure loss across the mixer 

was calculated by taking an average pressure slice across the domain before and after the mixer 

once the simulation had converged as determined by the stabilization of the inlet pressure.  
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4.2.4 Experimental Correlation 

Previously, a correlation for single-phase flow in corrugated static mixers was developed 

[62]. Utilizing a frictional loss coefficient defined in terms of the mixer channel, an expression 

can be obtained for the total viscous and kinetic losses through the mixer in single-phase flow 

(Error! Reference source not found.-Error! Reference source not found.). 

Δ𝑃

𝐿
=
2𝑓𝑐𝜌𝑢0

2𝜏3

𝐷𝑐𝜖2
 4.2 

 

𝑓𝑐 =
36

𝑅𝑒𝑐
+ 0.0826 4.3 

 

𝑅𝑒𝑐 =
𝜌𝑢0𝜏𝐷𝑐

𝜖𝜇
  4.4 

 

In multiphase flow, the losses associated with both phases must be accurately captured, in 

addition to any inter-phase energy transfer that takes place. Given that the mixer geometry is 

complex, it is a reasonable assumption that inter-phase energy transfer is not negligible and will 

likely impact the overall two-phase pressure loss in gas-liquid flow.  

Due to the generalizable nature of pipe flows, much of previous literature has centered on 

prediction of two-phase pressure loss in these conduits. Although many models have been 

posited, there are two major model philosophies that have been reasonably successful at 

capturing the relevant physics associated with gas-liquid pipe flow. The homogeneous model, 

originally proposed by McAdams [86], assumes that the gas and liquid phases flow in the pipe or 

channel at the same velocity. This model has been expanded by many including the widely used 
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model of Dukler et al. [87]. A second method for pressure loss prediction was developed by 

Lockhart & Martinelli [2,96] and later an analytical closure of the equations was provided by 

Chisholm [89]. The model decomposes the pressure loss into components consisting of the 

liquid-only, gas-only, and interfacial pressure loss terms. A two-phase multiplier is utilized to 

correct the single-phase flow pressure loss and provide an accurate determination of the two-

phase pressure loss. The form of the two-phase pressure loss equation adapted from Chisholm 

[89] is given by Equation 4.5. 

 

(
Δ𝑃

𝐿
)
𝑇𝑃
= (

Δ𝑃

𝐿
)
𝐺
+ 𝐶 ((

Δ𝑃

𝐿
)
𝐿
(
Δ𝑃

𝐿
)
𝐺
)

1

2
+ (

Δ𝑃

𝐿
)
𝐺

  4.5 

 

The subscripts of G and L represent the gas-only and liquid-only pressure losses which 

are calculated by assuming flow through the conduit of either phase at its individual superficial 

velocity. The constant, 𝐶, and the square root term encompasses the losses associated with 

energy transfer between phases. The calculation of the two-phase pressure loss is determined via 

the Martinelli parameter defined by Equation 4.6. 

𝜒 = √
Δ𝑃𝐿

Δ𝑃𝐺
  

4.6 

Subsequently, the two-phase frictional pressure loss multipliers may be defined via 

Equation 4.7. 

𝜙𝐿
2 =

(Δ𝑃 𝐿⁄ )𝑇𝑃
(Δ𝑃 𝐿⁄ )𝐿

,    𝜙𝐺
2 =

(Δ𝑃 𝐿⁄ )𝑇𝑃
(Δ𝑃 𝐿⁄ )𝐺

 
4.7 
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Muzychka & Awad provided a generalized closure for Equation 4.5, similar to the 

Chisolm [89] formulation, that allows for the interfacial contribution to be manipulated based on 

experimental data via Equation 4.8 [91]. 

𝜙𝐿
2 = (1 +

𝐶

𝜒𝑚
+
1

𝜒2
) , 𝜙𝐺

2 = (1 + 𝐶 𝜒𝑚 + 𝜒2) 
4.8 

From this, the two-phase total pressure loss follows mathematically as Equation 4.9. 

(
Δ𝑃

𝐿
)
𝑇𝑃
= 𝜙𝐿

2 (
Δ𝑃

𝐿
)
𝐿
= 𝜙𝐺

2 (
Δ𝑃

𝐿
)
𝐺

 
4.9 

The separated flow model of Equation 4.5 provides the flexibility to adjust the interfacial 

contribution to accurately account for the flow physics. In the original Chisholm model, 𝑚 = 1 

and 𝐶 takes on values of either 20 for turbulent gas and turbulent liquid or 12 for turbulent gas 

and laminar liquid flow. As such, this model is well suited for two-phase flow in static mixing 

devices, where the interfacial contributions are more likely to be non-negligible. Indeed, this 

method has been used for static mixing devices in gas-liquid flow with success in previous 

studies [1,20,28,92]. We adopt here this separated flow model for fitting and correlating the data 

in the current study.  

Utilizing the semi-analytical correlation of Equation 4.2, the individual phase-only 

pressure losses can be calculated by utilizing the superficial phase velocity and phase properties. 

Equation 4.10 provides the requisite definition of the phase friction factor where subscript i 

represents the phase (i.e. gas or liquid). 

𝑓𝑐𝑖 =
36

𝑅𝑒𝑐𝑖
+ 0.0826 

4.10 
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The phase Reynolds number inside the mixing element channel (which is idealized as a 

conduit) can be expressed in Equation 4.11. 

𝑅𝑒𝑐𝑖 =
𝜌𝑖𝑢𝑖0𝜏𝐷𝑐

𝜖𝜇𝑖
   where 𝑢𝑖0 =

 𝑚̇𝑖

𝜌𝑖𝐴𝑝𝑖𝑝𝑒
 

4.11 

 

(
Δ𝑃

𝐿
)
𝑖
=
2𝑓𝑐𝑖𝜌𝑖𝑢𝑖0

2𝜏3

𝐷𝑐𝜖3
 

4.12 

From this, the pressure loss for the gas and liquid phase alone flowing in the mixer 

channel can be calculated using Equation 4.10 and Equation 4.12. The Martinelli parameter and 

the two-phase frictional loss multipliers are calculable using the equations presented before. 

Finally, the 𝐶 and 𝑚 parameters controlling the interfacial pressure loss in Equation 4.8 may be 

fit from the experimental data. 

The total experimental dataset utilized for fitting the parameters for the correlation 

consisted of 1,250 points taken over a range of 130 < 𝑅𝑒𝑐𝐺 < 58,000 and 2 < 𝑅𝑒𝑐𝐿 < 133. In 

terms of the pipe Reynolds numbers, these ranges are 3,300 < 𝑅𝑒𝐺 < 2.6 × 10
5 and 9 < 𝑅𝑒𝐿 <

641. For fitting the dataset, the expression for C provided by Whalley (Equation 4.13) was 

adopted [97]. 

𝐶 = √
𝜌𝐺
𝜌𝐿
+ √

𝜌𝐿
𝜌𝐺

 
4.13 

For correlating the power-law parameter 𝑚, other authors have suggested various values. 

Sun & Mishima presented the correlation of Equation 4.14 based on the original Chisholm 

model. 
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𝜙𝐺
2 =  1 + (1.79 (

𝑅𝑒𝑐𝐺
𝑅𝑒𝑐𝐿

)

0.4

(
1 − 𝑥

𝑥
)
0.5

)𝜒1.19 + 𝜒2 
4.14 

Other values of 𝑚 have been utilized in the literature and are reviewed in detail by Awad 

[90]. Muzychka & Awad suggest that for complicated flow scenarios 𝑚 should be an adjustable 

parameter that functionally depends on the flow regime and phase Reynolds numbers [91]. 

Indeed, they found that the gas two-phase multiplier (𝜙𝐺
2) from the data of Lockhart & Martinelli 

[2] was fit by 𝑚 > 1 for lower Reynolds number flows and observed that 𝑚 decreased with 

increasing gas Reynolds number. Based on the experimental data in this study, 𝑚 was found to 

depend primarily on the gas phase Reynolds number in the mixer (cf. Equation 4.11). The 

functional relationship provided in Equation 4.15 was determined to provide the best fit for the 

entire dataset while minimizing the overall prediction errors. 

𝑚(𝑅𝑒𝑐𝐺) = 𝑚𝑚𝑎𝑥 +
𝑚𝑚𝑖𝑛 −𝑚𝑚𝑎𝑥

1 + (
𝑅𝑒𝑐𝐺
𝑅𝑒𝑐𝐺𝑐𝑟𝑖𝑡

)

𝑛 

4.15 

In Equation 4.15, the parameter 𝑅𝑒𝑐𝐺𝑐𝑟𝑖𝑡
 represents the critical gas-phase Reynolds 

number at which interfacial energy transfer begins to become a dominant term in the total 

pressure loss. Intuitively, this occurs when the liquid ceases to form stable films on the mixer 

plate surface and begins to be entrained into the gas flow at a high rate in the form of droplets. 

The entrainment phenomena is well studied in annular gas-liquid flows in pipes [74,98–100].  

Treating the mixer channel as a rough conduit, analogous to a pipe, the model of Ishii & 

Grolmes is useful for estimating the onset of entrainment [74]. The liquid film Reynolds number 

in the mixer channel and the viscosity number can be defined by Equation 4.16 and Equation 

4.17. 
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𝑅𝑒𝑐𝑓𝑖𝑙𝑚 =
4𝜌𝐿𝑄𝐿(𝐷𝑐/𝐷𝑝𝑖𝑝𝑒)

𝒫𝜇𝐿
  

4.16 

 

𝑁𝜇 =
𝜇𝐿

(𝜌𝐿𝜎√
𝜎

Δ𝜌𝑔
)
0.5  

4.17 

 

Where 𝑄𝐿 is the volumetric liquid flowrate being injected into the pipe and 𝒫 is the 

perimeter of a single mixer channel (cf. Figure 4.2).  For film Reynolds numbers below 1,635, 

the criteria for inception of entrainment in a conduit is given by Equation 4.18. 

{
 
 

 
 𝑢𝐺𝑠 ≥ (
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𝜇𝐿
)√

𝜌𝐿
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1

15
            

  
4.18 

For full turbulent flows, defined as film Reynolds numbers above 1,635, the inception 

criteria is defined by Equation 4.19. 

{
 

 𝑢𝐺𝑠 ≥ (
𝜎

𝜇𝐿
)√

𝜌𝐿

𝜌𝐺
 𝑁𝜇
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𝜇𝐿
)√

𝜌𝐿
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 ;     for  𝑁𝜇 >

1

15
            

  
4.19 

In Equation 4.18 and Equation 4.19, the variable 𝑢𝐺𝑠 is the gas superficial velocity 

through the mixer channel at which entrainment begins to occur.  Using this correlation, the 

mixer channel gas-phase Reynolds number was calculated for all the experimental data points. 

The statistical results are shown in Figure 4.4. The mean 𝑅𝑒𝑐𝐺 at which liquid entrainment was 

predicted to occur was 𝑅𝑒𝑐𝐺 = 24,920.   
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Figure 4.4. Critical gas Reynolds number for entrainment in mixer channel calculated for 

all data points in this study based on criteria of Ishii & Grolmes [74] 

 

Utilizing the findings of  Figure 4.4 to inform the fitting process, the expression for 𝑚 

based on fitting the experimental data in this study is provided in Equation 4.20. 

𝑚(𝑅𝑒𝑐𝐺) = 0.857 +
1.143

1 + (
𝑅𝑒𝑐𝐺
24,920

)
5.94 

4.20 

Utilizing the expression for 𝑚 in Equation 4.20 and the expression for 𝐶 provided in 

Equation 4.13 the two-phase frictional multiplier can be calculated via Equation 4.8. The 

individual phase-only pressure losses are calculated via the modified mixer channel equations 

(cf. Equation 4.10). Finally, the predicted two-phase pressure loss may be calculated by using 



103 

 

Equation 4.9. The final form of the correlation expressed in terms of the gas-phase two-phase 

pressure loss multiplier is given by Equation 4.21. 

(
Δ𝑃

𝐿
)
𝑇𝑃
= [1 + (√

𝜌𝐺
𝜌𝐿
+√

𝜌𝐿
𝜌𝐺
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0.857+1.143 (1+(𝑅𝑒𝑐𝐺 𝑅𝑒𝑐𝐺𝑐𝑟𝑖𝑡
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𝐿
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4.21 

Where 𝑅𝑒𝑐𝐺𝑐𝑟𝑖𝑡
= 24,920 for the data collected in this study as noted previously and 

(
Δ𝑃

𝐿
)
𝐺

 is calculated via Equation 4.12. 

4.3 Results 

4.3.1 Experimental Correlation 

Several models were evaluated against the data collected in this study. The traditional 

Chisholm model with 𝐶 = 20 and 𝐶 = 12 [89]. Additionally, the models of Whalley [97] as well 

as Sun & Mishima [101] were evaluated. Finally, the single-phase gas model presented in 

previous work by the authors was compared [62]. Most of the previous literature models were 

able to capture the low Reynolds number flow with a MAPE of less than 15% (cf. Table 4.3). 

However, above the entrainment inception point, most previous literature models diverged 

significantly from the experimental data as in Figure 4.5. Collected data for multiphase pressure 

loss in 1-inch SMV-style mixers (black circles) compared to existing correlations and the 

correlation of this study.  We postulate that the main reason that previous models struggle to 

accurately account for the high Reynolds number regime in corrugated static mixers is the 

increased contribution of the interfacial terms at high Reynolds numbers. 

Table 4.3. Mean absolute percentage error (MAPE) for total experimental dataset with respect to 

previous literature models and the model presented in this study  
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Model MAPE (%) MAPE (%), 𝑹𝒆𝑪𝑮 
> 25k MAPE (%), 𝑹𝒆𝑪𝑮 

< 25k 

Chisholm, 𝐶 = 20 [89] 65 95 11 

Chisholm, 𝐶 = 12 [89] 45 62 15 

Whalley (1996) [97] 40 54 15 

Sun & Mashima (2009) [101] 23 24 21 

Lowry & Krishnmoorthy (2022) [62] 22 21 22 

This Model 17 7 23 
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Figure 4.5. Collected data for multiphase pressure loss in 1-inch SMV-style mixers (black 

circles) compared to existing correlations and the correlation of this study 
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The proposed correlation appears to capture the total pressure losses in the static mixers 

for both horizontal flow and vertical down-flow configurations. Intuitively, if the liquid 

Reynolds number was to be much higher than the range investigated in this study, one may 

expect that the observed pressure losses would diverge from the predictions of the correlation in 

this study. The additional gravitational head induced by the liquid in a vertical configuration 

would likely become significant for high liquid Reynolds numbers. In design practice, Paul et al. 

[1] suggest that the vertical configurations be chosen when the mixture Froude number (Equation 

4.22) is less than 20. 

𝐹𝑟𝑐 =
𝜌𝐺𝑢𝐺0

(𝜌𝐿 − 𝜌𝐺)𝐷𝑐𝑔
 4.22 

Similar fit quality was observed across the diameters tested in this study. As shown in 

Figure 4.7, the 2-inch static mixer pressure losses were captured well at two different liquid 

Reynolds numbers. The predictions were slightly lower than the data at low gas Reynolds 

numbers.  

Based on a survey of the existing literature, there is very little two-phase pressure loss 

data in corrugated plate mixers or structured packings under co-current flow conditions. The data 

of Couvert et al. [19] was the only dataset similar to this study. As can be seen in Error! R

eference source not found., the correlation in this study predicted the pressure loss data reported 

by Couvert et al. [19] with reasonable accuracy. 
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Figure 4.6. Experimental two-phase pressure loss data (circles) at 𝟏𝟎 < 𝑹𝒆𝒄𝑳 < 𝟏𝟑𝟑 for 1 inch 

corrugated mixers in both horizontal and vertical down-flow. Correlation of this study is shown 

as lines 
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Figure 4.7. Experimental data for two-phase pressure loss in 2-inch corrugated mixers for 

𝑹𝒆𝒄𝑳 = 𝟏𝟎 (red circles) and 𝑹𝒆𝒄𝑳 = 𝟔𝟕 (purple diamonds) 
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Figure 4.8. Experimental data from Couvert et al. [19] for 1-inch corrugated mixing elements at 

𝑹𝒆𝒄𝑳 = 𝟏𝟑𝟑 (red squares) and the correlation of this study 

Figure 4.9 shows the relative contributions of the gas, liquid, and interfacial pressure losses 

based on the correlation of this study. At the lower liquid and gas Reynolds numbers, the error 

introduced by assuming single-phase gas flow is generally less than 10%. The contribution of the 

interfacial term and the liquid term increases with increased liquid loading. This phenomenon is 

analogous to the drastic impact of liquid load on pressure loss in structured packing columns. At 

high gas Reynolds numbers and increasing liquid Reynolds numbers, the liquid entrainment and 

holdup increase rapidly in a counter-current structured packing system at the point where liquid 

reversal occurs [17,29]. In counter-current flow, once the gas momentum can provide very large 

liquid holdups, the pressure drop rises rapidly. Several authors have noted that this often occurs at 

pressure loss ranges defined by Equation 4.23 [77,102]. 
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0.1 ≤

(
Δ𝑃
𝐿 )𝑓𝑙𝑜𝑜𝑑
𝜌𝐿𝑔

≤ 0.3  4.23 

 

By contrast, under co-current flow conditions, flooding cannot occur since the liquid 

holdup reaches a maximum prior to the gas momentum overcoming the interfacial forces and 

entraining the liquid as droplets, which are then transported downstream. This is likely why the 

entrainment onset Reynolds number (cf. Equation 4.20) is a rational parameter for estimating the 

point at which the interfacial pressure losses begin to contribute to the overall pressure loss terms. 

Based on this theoretical consideration, one anticipates that co-current and counter-current 

multiphase flow systems would have similar pressure loss profiles (other than gravitational effects) 

up to the counter-current flooding point, at which the counter-current system pressure loss 

increases asymptotically to infinite value. Additionally, this provides a theoretical explanation for 

the asymptotic constant behavior of the interfacial contribution in co-current flow once the 

entrainment process has started inside the corrugation channels (cf. Figure 4.7). 
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Figure 4.9. Contribution of liquid, gas, and interfacial pressure losses as calculated by the 

correlation in this study at varying gas and liquid Reynolds numbers. 
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4.4 CFD Simulations 

The two-phase pressure loss was calculated from CFD simulations as described in 

previous sections. The discrete phase wall interaction was handled by the reflecting model which 

appears to have captured the relevant pressure loss well. Figure 4.10 shows that the CFD 

simulation was able to capture the increase in pressure loss with increasing liquid Reynolds 

number in the 1-inch mixer. As would be expected, the CFD predictions were most accurate at 

𝑅𝑒𝑐𝐺 > 25,000 or 𝑅𝑒𝐺 > 110,000 and 𝑅𝑒𝐿 < 85. At higher gas Reynolds numbers, the liquid 

would likely remain predominantly in droplet form, making the discrete phase model a better 

approximation at these conditions. At lower Reynolds numbers, a liquid film would form on the 

surface of the mixer and impart much less drag on the gas phase. This explains why the single-

phase pressure loss model appears to provide a decent approximation at lower gas Reynolds 

numbers. 

As shown in Figure 4.11, the CFD model could match the experimental data well at low 

liquid loads. At 𝑅𝑒𝐿 = 590, the discrete phase model with reflecting wall conditions could not 

accurately capture the multiphase pressure loss. This could be due to more complex interactions 

between the liquid and the mixer wall such as film flow and entrainment. Further study is 

warranted into alternative CFD models for high liquid loads at high gas Reynolds numbers.  
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Figure 4.10. Two-phase pressure loss results with gas/liquid CFD simulations. Note that the 

results are shown in terms of the gas Reynolds number for the pipe (not mixer channel). 
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Figure 4.11. Individual datasets for multiphase flow in 1-inch mixers at various liquid Reynolds 

numbers. Note that the results are shown in terms of the gas Reynolds number for the pipe (not 

mixer channel). 
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4.5 Conclusions 

Corrugated plate elements are commonly utilized in the process industry for static mixing 

in turbulent flow and for column packings. These geometries are especially useful for mass 

transfer with a gas continuous phase due to their high specific surface area and large mass 

transfer coefficients. Two-phase operation in co-current flow (as opposed to counter-current) is 

advantageous in many situations and can be used to intensify gas-liquid reactive processes. 

Unfortunately, current literature models are only accurate for counter-current flow at low gas 

Reynolds numbers. To expand knowledge in this area, an experimental study was conducted to 

measure multiphase pressure loss in co-current flow through corrugated plate mixing elements at 

high gas Reynolds numbers. Existing multiphase pressure loss correlations were unable to match 

the pressure loss data, especially at high Reynolds numbers.  

A new correlation is proposed which matched the data better than existing correlations 

formulated for pipe flow or single-phase flow (MAPE = 17%). The proposed correlation utilizes 

the separated flow model of Lockhart & Martinelli along with single phase correlations 

developed in previous work. An interfacial factor is introduced that considers entrainment effects 

inside the mixer that are present in co-current flow but not in counter-current flow. Future work 

may include investigation of mass transfer in co-current flow and possible interplay between the 

pressure loss and interfacial area.   

Computational fluid dynamics (CFD) simulations were able to produce good results that 

matched the experimental data despite the use of a simplified discrete phase model with constant 

droplet diameter and reflecting walls. Predictions appeared to be less accurate above 𝑅𝑒𝐿 = 84 

and at higher gas Reynolds number (𝑅𝑒𝐺 > 110,000). Overall, the results support the use of 
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CFD with a simple discrete phase model as a design tool to estimate multiphase pressure loss in 

static mixers.  

In summary the key findings of this study are: 

• Current literature correlations for corrugated style static mixers and structured 

packing may not accurately predict multiphase pressure losses at high Reynolds 

numbers. 

• The interfacial contribution to the multiphase pressure loss is postulated to 

increase with gas Reynolds number and correlates well with the Reynolds number 

when entrainment begins to occur in the mixer channel 

• A new correlation based on the separated flow model of Lockhart & Martinelli is 

developed to fit the experimental data with the aim of creating an accessible and 

intuitive formulation for the multiphase pressure loss 

• CFD simulations utilizing a discrete phase model for the liquid phase with fixed 

droplet size and reflecting wall model could produce predictions for pressure loss 

up to 𝑅𝑒𝐿 = 84 and at lower gas Reynolds numbers. Additionally, the simulation 

was able to produce acceptable predictions at 𝑅𝑒𝐺 < 110,000 and 𝑅𝑒𝐿 = 590. 
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CHAPTER 5  

Research Conclusions & Future Work 

5.1 Research Conclusions 

Throughout the course of study for this dissertation, several main conclusions and 

contributions have arisen. The research focused on high Reynolds number mixing with specific 

application to gas-continuous contact with a liquid phase. The applications for this flow mode 

ubiquitous and include reactive and non-reactive absorption, cooling, and liquid-stripping. 

Unfortunately, the literature was lacking critical data and correlations that could be used in 

practice by the design engineer for actual installations. It has been known that pressure loss 

estimation is critical for design in terms of mass transfer as well as sizing of downstream 

equipment and upstream compression. To advance the knowledge in this space and contribute 

workable semi-empirical models to the open literature, several studies were undertaken to 

measure pressure loss and develop a correlation and CFD workflow for accurately capturing the 

pressure loss at high Reynolds numbers. 

The corrugated geometry was chosen due to its wide acceptance as the best option for 

gas-liquid mixing when a highly turbulent gas-continuous phase is present. Additionally, the 

corrugated geometry is pervasive in structured packing geometries and as such, we expected 

contributions to over-lap and augment predictions in co-current structured packing installations. 

The experimental campaign focused on high Reynolds number flows with compressed air in a 

broad variety of mixer arrangements and pipe diameters ranging from 1-inch to 4-inch. The 

experimental facilities to accomplish these measurements were constructed completely during 

this dissertation study and have been described in previous chapters. The experimental data was 
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carefully analyzed, and a correlation was developed for both single- and multi-phase flows 

starting from theory. The correlations were shown to be extensible to other conditions and 

geometries by nature of their close relationship with the underlying theory and physics of flow.  

In addition to experimental measurements, a CFD workflow was developed for 

accurately simulating the pressure loss in the complex corrugated geometry, specifically at high 

Reynolds numbers which had not been attempted previously in literature. Finally, a multi-phase 

discrete phase approach was applied to aid in predictions at moderate liquid loads and high gas 

Reynolds number conditions. The following sections outline the concusionts and contributions of 

this dissertation to the general knowledge. 

5.1.1 Single-phase flow 

A detailed correlation for the single-phase flow behavior in the corrugated mixer 

geometry was created, starting from theory of flow in porous media. The correlation fit the data 

well for both single mixer elements as well as mixer elements in series under different rotational 

configurations (i.e. rotated or aligned). The correlation relied on intrinsic variables related to the 

mixer geometry like the tortuosity and void fraction. As such, the correlation is more 

generalizable to many geometrical variations than previous correlations. Additionally, a CFD 

workflow was developed and demonstrated for determining the tortuosity of a variant mixer 

geometry from streamline analysis. 

The CFD simulations showed good coherence with the experimental data and correlation. 

Wall roughness was identified as a critical parameter for accurately predicting the pressure loss. 

The roughness was shown to contributed up to 55% of the pressure loss at lower Reynolds 

numbers in the smallest diameter (1-inch) mixing systems. It was shown that the wall roughness, 
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even when caused by retainers, weld beads, or other small imperfections in the pipe surrounding 

the mixer are critical factors which must be accounted for when scaling lab data or utilizing for a 

correlation.  

5.1.2 Multi-phase flow 

A multi-phase pressure loss model was created utilizing the framework proposed by 

Lockhart & Martinelli for two-phase flow in pipes. By idealizing the corrugated mixing channel 

as a conduit, a correlation was developed with accounted for the film entrainment point inside 

the mixing channel. The correlation showed a good fit with the experimental data, even better 

than a single-phase model or utilizing a correlation intended for two-phase pipe flow. The onset 

of entrainment appeared to be an important factor in determining the pressure loss in the mixer at 

high Reynolds numbers. 

A discrete phase model was utilized to simulate the multi-phase flow behavior in the 

corrugated mixer geometry utilizing CFD. Simplifying assumptions of constant droplet diameter 

and reflecting (non-absorptive) wall conditions were posited and showed good predictions up to 

𝑅𝑒𝐿 = 89. At higher liquid Reynolds numbers and above about 𝑅𝑒𝐺 = 110,000, the simplified 

discrete phase model was not able to accurately capture the experimental data. This finding may 

indicate that more complicated physics begin to control the pressure loss at high liquid loading 

such as film flow and entrainment. 

5.1.3 Future work 

Future work should be focused on understanding the mass transfer behavior in the 

corrugated mixer geometry in the context of pressure loss. With this information, the design 

engineer may fully specify a unit operation with the mixer. Linking the mass transfer behavior to 
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the pressure loss is an intuitive and practical way to provide design guidance for co-current flow 

in these devices. 

Additional work is needed to fully understand the multi-phase pressure loss behavior at 

high gas Reynolds numbers and moderate liquid loads (i.e. 𝑅𝑒𝐿 > 500). Perhaps more 

sophisticated CFD models will be capable of elucidating the physics. This work could lead to an 

enhanced understanding of generalized two-phase flow through porous media in the inertial 

regime, which is still basic for many scenarios. 

On a more practical level, utilizing the findings of this dissertation under field conditions 

to validate performance would enhance the credibility of the results and help in developing an 

understanding of any deviations from the original study conditions.  
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