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Abstract 

Title: Experimental and Numerical Analysis of Laminar and 

Transitional Flow through Annular Corrugated Pipes 

Author: Joseph Russell Sargent 

Advisor: Daniel R. Kirk, Ph. D. 

This dissertation presents studies on pressure loss through annular 

corrugated pipes to determine a friction factor coefficient using nitrogen. Ten 

different corrugated pipes’ geometries were evaluated via testing and 

experimentation. The ratio of corrugation height to inner diameter varied 

from 0.233 to 0.333 and the ratio of corrugation pitch to inner diameter varied 

from 0.181 to 0.446. Nitrogen flow rates between 0.25 to 94.4 standard liters 

per minute were used, resulting in Reynolds numbers, based on the 

corrugated pipe inner diameter, from 100 to 23,000. The experimental set-up 

was validated using smooth-pipe pressure loss measurements and the derived 

friction factor showed good agreement with the Moody diagram. Experimental 

uncertainty analysis was conducted, including the correlated bias error terms, 

encompassing 95% bounds of the data collected and presented for both 

derived results Reynolds number and friction factor from the measured 

inputs. The current results indicate that pipes with smaller pitch to inner 



 

iv 

diameter ratios transition closer to Re = 1,600. An example of the 

experimental result includes a corrugated pipe with an inner diameter of 8.64 

mm and corrugation pitch of 2.41 mm, at Reynolds number of 300 +/- 7%, the 

resulting friction factor was 0.183 +/- 32%. Experiments were conducted with 

two-dimensional bends varying up to 16 in bend radius and 180 degrees. The 

resulting additional pressure loss due to the bend was within the uncertainty 

analysis errors and concluded that secondary flow effects are still secondary 

even for flow through corrugated pipes. CFD was conducted and a comparison 

of nine different turbulence models were compared with the k-ε (K-epsilon) 

producing the most accurate results of the differential pressure loss to the 

experiments conducted within ~10% on average. 
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Chapter 1 

Introduction 

Flexible corrugated pipes are widely used in many engineering 

applications because they can accommodate bends, turns, and temperature 

changes while keeping strength and rigidity. There are a variety of internal 

geometries of the corrugated pipes namely axial, annular 

(circumferential/transverse), d-type, and helical. Figure 1 presents a 

schematic representation of the internal geometry of the assessed annular 

corrugated pipe. The internal geometry of the annular corrugated pipes is 

characterized by the inner diameter (ID), outer diameter (OD), corrugation 

height (E), corrugation pitch (P), and radius of each individual corrugation 

element (R). 
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Figure 1 — Schematic of annular corrugated pipe geometry with 
corrugation element radius (R), corrugation pitch (P), corrugation 

height (E), and corrugation inner diameter (ID) 

The motivation behind this study stemmed from a relevant application 

for corrugated pipes: the supply of purging gases to a rocket launch vehicle 

payload fairing prior to launch. These specific pipes can withstand high 

internal pressures and temperatures due to their braided stainless steel wrap 

reinforcement. The purging gases, typically air or nitrogen, are used to keep 

instrumentation clean and to manage environmental conditions – including 

flow rate, humidity, pressure, and temperature – inside of a launch vehicle 

payload fairing prior to launch. The diameters and lengths of the pipes vary 

based on mission-specific flow purging requirements, which are decided by 

the size and heat generation of the spacecraft instruments. A flow analysis 

must be conducted prior to each mission to properly determine the correct 
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flow rate range for an unknown and often varying purge system fluid 

resistance. A key element of a trustworthy flow analysis is the knowledge of 

the friction factor, or pressure drop, for a given pipe geometry and flow rate. 

The resulting correlation can be fed into NASA’s GFSSP code [1] developed by 

NASA Marshall Space Flight Center. 

Although corrugated pipes are used in many different engineering 

applications, the pressure drop and friction factor – as a function of pipe 

geometry and flow rate – are not readily available in literature. The standard 

Moody chart, which provides friction factor (f) versus the flow Reynolds 

number (based on hydraulic diameter) does not typically contain sand grain 

roughness dimensions (𝜀) that are as large as the corrugation element (E) . 

Further, the limited experimental measurements in literature show that the 

pressure drops are not in agreement with fully turbulent predictions or rough 

wall approximations. This holds true even if the notion of the sand grain 

roughness analogy is extrapolated to (E/ID)  values that are consistent with 

typical corrugated pipes. Computational Fluid Dynamics (CFD) can be used to 

yield estimates on the pressure drop and resulting friction factor associated 

with the corrugated pipes, but these predictions would benefit from 

experimental benchmarking. All results presented in this study are assumed 

incompressible due to adiabatic, steady flow with low Mach number flow (M < 
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0.16). The analytical model for compressible adiabatic flow with friction loss, 

Fanno Flow, is theorized to recommend when determining pressure loss and 

energy balance for corrugated pipes.  

The objective of this work was to experimentally quantify the pressure 

loss per length and friction factor coefficient of a series of relevant corrugated 

pipes commonly found in engineering applications, particularly for launch 

vehicle payload purging applications. The corrugated pipes used in this study 

had varying corrugation pitches, diameters, and flow rates.  

A summary of the assorted sizes and important geometric parameters 

of corrugated pipe used in this study is provided in Table 1. For the pipes 

examined, the ratio of the corrugation height (E) to the inner diameter (ID) 

varied between 0.233 ≤ (E/ID) ≤ 0.333 and the ratio of corrugation pitch (P) to 

the inner diameter (ID) of 0.181 ≤ (P/ID) ≤ 0.446. For spacecraft fairing 

applications, the flow rates of interest are 0.25 to 94.4 standard liters per 

minute (slpm), which is equal to 0 to 200 standard cubic feet per hour (scfh), 

of nitrogen gas.  

For each of the diameters shown in Table 1 and for the maximum flow 

rate, the Reynolds number based on the inner diameter and outer diameter is 

summarized. For example, the smallest diameter pipe has a ReID and ReOD of 

22,046 and 13,514, respectively, at 94.4 slpm of nitrogen. Conversely, the 
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largest diameter pipe has a ReID and ReOD of 6,475 and 4,452, respectively, at 

94.4 slpm of nitrogen. The Reynolds number based on the smaller inner 

diameter is higher than the Reynolds number based on the larger outer 

diameter. The reason for this is that although the diameter is smaller, the 

velocity must increase as the area is reduced to keep the same mass flow rate. 
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Table 1 — Geometry of tested annular corrugated pipes 

Name 

Designation 

Millimeters 
ReID ReOD 

ReT1 
ID OD E P R 

At 94.4 slpm 

Annuflex2 

6.35 (¼”) 6.88 10.41 2.03 3.07 0.77  18,710   12,371  935 

9.53 (3/8”) 10.67 15.80 3.14 3.30 0.83  12,071   8,150  950 

12.70 (½”) 13.54 19.00 3.15 4.01 1.00  9,513   6,778  1,165 

19.05 (¾”) 19.88 28.93 4.94 5.72 1.43  6,475   4,452  1,149 

Masterflex2 

6.35 (¼”) 6.60 10.74 2.20 2.08 0.52  19,501   11,991  1,048 

9.53 (3/8”) 10.64 15.77 3.12 2.06 0.51  12,102   8,168  1,225 

12.70 (½”) 13.46 19.18 3.24 2.44 0.61  9,565   6,714  1,351 

19.05 (¾”) 19.63 29.18 5.07 4.47 1.12  6,559   4,414  1,312 

Titeflex3 

6.35 (¼”) 5.84 9.53 1.78 2.29 0.57  22,046   13,514  1,158 

9.53 (3/8”) 8.64 13.54 2.41 2.41 0.60  14,914   9,512  1,547 

 

1 Transitional Reynolds number from laminar 

2 ID provided by Manufacturer, measured, and derived remaining values. 

3 Not provided by the manufacturer. Measured and derived values in table. 
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Background and Literature Review 

Current launch vehicle payload compartment analysis requires an 

estimated friction factor to approximate the pressure drop that occurs through 

the corrugated pipes. The low-pressure drop over small length, low speed, and 

consequently low Mach number corrugated pipe flow are assumed to be 

incompressible due to low density change. For incompressible flow, the Darcy-

Weisbach equation and the widely referenced Moody Diagram [2] determine 

the friction factor in constant area pipes and ducts.  

The Darcy-Weisbach equation (1), with a brief history given by Brown 

[3], is the accepted method for calculating energy loss in incompressible 

closed conduits where f is the friction factor, L is the length of pipe, Dh is the 

hydraulic pipe diameter, 𝜌 is the density of the fluid, and 𝑉 is the mean velocity 

of the flow. The friction factor is a measure of viscous loss for a flow in a pipe, 

and knowledge of the friction factor allows for estimation of the pressure drop 

per length associated with the pipe geometry and flow rate.  

 
∆𝑃 =  𝑓

𝐿

𝐷ℎ

𝜌𝑉2

2
 (1) 

 

 
𝑅𝑒 =

𝐷ℎ𝑉 𝜌

𝜇
 (2) 

 



 

8 

Reynolds number, Re (2), is used to describe the transition from 

laminar to turbulent flow where 𝜇 is the dynamic viscosity. For laminar flow in 

pipes with small Reynolds numbers less than 2,300, the Darcy friction factor, f, 

can be determined by the expression f = 64/Re.  

The empirical relationship for turbulent flow in pipes (Re > 4,000) is 

calculated using the explicit Haaland [4] approximation to the Colebrook 

equation [5] given in (3) where 𝜀 is the absolute roughness. An ill-defined and 

ill-behaved region between those two limits is named the critical zone. 

Friction factor dependence on Reynolds number and the ratio of absolute 

roughness to the diameter was originally determined by Hunter Rouse, but 

Lewis Moody restructured the diagram to a convenient form for engineering 

use commonly called the Moody diagram. A detailed history, science, and 

technology of the Moody diagram is provided by LaViolette [6]. 

The last term is 6.9/Re which implies that as Re approaches infinity, 

this ratio goes to zero, thus the friction factor only becomes a function of the 

relative roughness (𝜀/𝐷) and is defined as wholly turbulent where increasing 

the Reynolds number will not change the friction factor. 

 1

√𝑓
=  −1.8 𝑙𝑜𝑔 [(

𝜀/𝐷

3.7
)
1.11

+
6.9

𝑅𝑒
]  (3) 
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Yang [7] introduces drag reducing using polymer solutions for laminar 

to turbulent transition to reduce losses. Sletfjerding [8] and Afzal [9] provide 

friction factor values directly from transitional surface roughness. Willis[10] 

and Jimenez [11] provide comprehensive reviews with transitional flow and 

turbulent flow over rough walls. Newer numeric techniques, combined with 

increasing computing power, allowed for more numerical simulations to 

investigate roughness effects on turbulence. Per Jimenez, theoretical 

arguments are sound, but there is still a lack of conclusive experimental 

evidence.  

With a base understanding of flow through smooth pipes, Chapter 2: 

Experimental Setup, in the Smooth Pipe Validation section, describes the initial 

validation testing to compare the new experimental setup with previous 

literature. The next section includes a literature review of various corrugated 

pipes. 

Straight Corrugated Pipe Flow 
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Figure 2 — Different types of corrugation S-type (upper left), 
triangular (upper right), sinusoidal (lower left), and square (lower 

right)  

There are various geometric variations of annular corrugated pipes as 

shown in Figure 2. Esquivel [12] conducted a parametric study of laminar flow 

in sinusoidal pipes by varying the corrugation depth, corrugation 

pitch/frequency and corrugation expansion and contraction ratio. Some 

studies are conducted on 2D channel flow such as Sakar [13] and include 

calculations for heat transfer characteristics. Recent publications and 

applications include a variety of applications such as drainage ditch flows as in 

Calomino [14], which looks at water flow and free stream surface for 

corrugated pipes.  

Table 2 categorizes different corrugation geometries and flow regimes 

while noting which papers are experimental, analytical, computational fluid 

dynamics, iteratively calculation methods, or a combination of experimental 
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and computational work for corrugated pipes. The references in bold are most 

identical to our experiment and compared against. 
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Table 2 — Summary of Literature Review 

Corrugated Pipe Type Laminar Transitional Turbulent 

Annular 

S-Type or 
Transverse 

[This work]‡ 
[15]*, [19]*, [20]*, 

[22]*4 , [This 
work]‡ 

[15]*, [22]*4, [24]*, 
[25]*, [26]† 

Sinusoidal 

[12]†, [13]†, [29]*, 
[30]†, [32]†, 
[33]**, [34]*, 
[35]**, [38]*, 
[39]†, [40]*, 
[42]*, [41]†, 
[45]**, [46]†, 

[47]† 

[12]†, [13]†, [14]‡, 
[27]‡,  [28]‡, [36]*, 
[37]* , [38]*, [39]†, 
[40]*, [42]*, [46]† , 

[47] † 

[26]†, [27]‡, [28]‡, 

[36]* 

D-Type/Square   [48]‡, [49]† 
[48]‡, [49]†, [50]*,  
[51]*, [52]†, [53]**, 

[61] † 

Helical/Spiral [57]‡, [58]**, [60]* 
[15]*, [21]‡, [54]*, 
[55]*5, [56]†, [59]*, 

[60]*, [64]* 

[15]*, [21]‡, [54]*, 
[56]† 

Teardrop   [65]*, [66]**‡ 

Sinusoidal Channel [23]*, [28]‡, [44]‡ [23]* [23]* 

 

* Experimental data only 

**  Analytical 

† Computational Fluid Dynamics only 

‡ Experimental and Computational Fluid Dynamics 

 

4 Refers to ‘helical’ coil, but that is in a bent configuration, not axially helical 

5 Vertical 
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The first category, and the focus of this dissertation, is the transverse 

annular corrugated lines [See Figure 2-upper left]. The S-type category 

(different values for Ro and Ri) is bundled as concluded in Esquivel [12] when 

noting the minimal effect of expansion and contraction ratio for laminar flow. 

Figure 5 shows the characterization of annular corrugated pipes by plotting 

the relative corrugation depth to the minimum diameter (E/ID) vs corrugation 

pitch to the minimum diameter (P/ID). There are 4 different categories – slow 

variations, pocket corrugations, standard roughness approximations, and 

effectively finned pipes. Figure 3 shows four different annular corrugated 

pipes normalized to the inner diameter with different relative corrugation 

depth to the minimum diameter (E/ID) vs corrugation pitch to the minimum 

diameter (P/ID). The four different geometric categories are further described 

as slow variations, pocket corrugations, standard roughness approximations, 

and infeasible geometry. Slow variations appear when both E/ID and P/ID are 

large (i.e., Figure 3-red circles) and with low Re (Re < 10); the method of slow 

variations was studied Esquivel [12]. When both E/ID and P/ID become very 

small (<0.01, Figure 3-black diamonds), the pipes behave like traditional 

surface grain roughness approximation Moody. In between these two lies the 

presented annular corrugated lines. The final extreme categories (large E/ID 
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with small P/ID and small E/ID with large P/ID) are not feasible from a 

manufacturing perspective. 

 

Figure 3 — Various ratios of pitch and depth to inner (minimum) 
diameter (normalized) ratios of corrugated pipes 

Gibson [29] contains laminar water flow through corrugated pipes. The 

following papers compiled contain experimental data for transitional flow 

through corrugated pipes: Riley [15], Bernhard [19], Popiel [20], van der 

Linden [21], Ahn [22], Calomino [27], Shipton [36], Webster [37]. The 

following studied laminar flow in sinusoidal corrugated pipes: Lahbibi [32], 
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Esquivel [33], Inaba[34], Mahmud [41], and Chow [45] and for transitional 

flow Shipton [36] & Webster [37].  

Corrugated Pipe Geometry Details 

 

Figure 4 — Photo of tested corrugated pipes cross sectioned 

Figure 4 provides a detailed look into the various geometric differences 

of the experimentally tested corrugated pipes. These cross-sections were 

provided through a follow-on study through NASA LSP and SAS Aerospace.  

The direct inner diameter measurements provided additional fidelity to the 

uncertainty analysis. 

       Annuflex          Masterflex   Titeflex 

1
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Figure 5 shows various combinations of P/ID with E/ID ratios 

normalized with the same minimum diameter for reference. These different 

non-dimensional parameters change the transitional Reynolds Number. 

 

Figure 5 — Comparison of non-dimensional parameters for annular 
corrugated pipes (this study and references) 

Table 3 shows a compilation of literature references for several 

different flow regimes: laminar, transitional, and turbulent flow in both S-Type 

and sinusoidal pipes. A sinusoidal axisymmetric profile is typically picked in 

analytical solutions because the expression for the radius is continuously 

differentiable. For Reynolds numbers less than 100, inertial effects are 
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negligible from Deiber [42] and a linear relationship should exist between f 

and Re-1. For Reynolds numbers between 100 and 1,600, laminar flow is 

observed, but inertial effects in the corrugated pockets need to be considered 

compared to smooth pipe flow. For the corrugated pipes presented, the flow 

transitioned for Reynolds numbers between 1,400-1,600 and corresponds 

with Develi and Ahn [43]. As Reynolds number increases, the flow becomes 

fully turbulent. 
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Table 3 — Comparison of dimensionless parameters between current 
work and references 

 ReID6 
Friction 
factorID7 

E/ID8 P/ID9 

Deiber [42] 

 22-3,559 0.147-2.44 0.176 3.70 

Russ [38] 

 370-15,780 0.089-0.221 0.200 3.77 

Bian [40] 

 100-1,020 0.170-1.01 0.583 4.67 

This study 

Annuflex 6.35 mm (¼”) 117-18,710 0.078-0.422 0.295 0.446 

Annuflex 9.53 mm (𝟑 𝟖⁄ ”) 75-12,071 0.078-0.566 0.294 0.309 

Annuflex 12.70 mm (½”) 59-9,513 0.067-0.733 0.233 0.296 

Annuflex 19.05 mm (¾”) 65-6,475 0.068-1.338 0.248 0.288 

Masterflex 6.35 mm (¼”) 122-19,501 0.075-0.439 0.333 0.315 

Masterflex 9.53 mm (𝟑 𝟖⁄ ”) 91-12,102 0.064-0.557 0.293 0.194 

Masterflex 12.70 mm (½”) 60-9,565 0.053-0.850 0.241 0.181 

Masterflex 19.05 mm (¾”) 328-6,559 0.078-0.199 0.258 0.228 

Titeflex 6.35 mm (¼”) 138-22,046 0.052-0.316 0.305 0.392 

Titeflex 9.53 mm (𝟑 𝟖⁄ ”) 93-14,914 0.048-0.580 0.279 0.279 

With the definitions of common pipe flow regimes established, the 

question becomes what are the most important geometric factors that 

influence the flow through corrugated pipes? Even though there are multiple 

 

6 Reynolds Number calculated with inner diameter (ID) 

7 Darcy friction factor calculated with inner diameter (ID) 

8 Ratio of corrugation height (E) to inner diameter (ID) 

9 Ratio of corrugation pitch (S) to inner diameter (ID) 
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factors influencing the geometric properties of annular corrugated pipes, the 

most influential would be the definition of the hydraulic diameter being 

equivalent to the inner diameter. Esquivel [12] conducted a parametric study 

of the effects of the wall shape on laminar flow in corrugated pipes. As several 

authors have noted (Esquivel [12], Cotrell [35], Loh [47]), with incompressible 

flow, a lumped model can be used to describe the fully developed flow for any 

periodic section of pipe. 

A third experimental investigation from van der Linden [21] compared 

basic CFD work to an experimental study for transitional flow through an 

annular corrugated geometry. He notes a periodic pressure variation in Figure 

4 and shows the importance of where the static pressure is being measured. 

The fourth publication from Ahn [22] provided pressure drop in corrugated 

pipes for larger Reynolds numbers (10,000 < Re < 60,000) and determined 

that the flows were wholly turbulent. A unique result included a decreased 

friction factor with respect to increasing diameter. Ahn [22] states, “The 

reason for this contradiction remains to be explored.” This study provides data 

Re < 10,000 which spans the range of laminar flow, critical zone, and 

transition flow, but not wholly turbulent flow.  

Even though Ünal’s [23] work on corrugated channels compared to 

pipe provides an insight into localized Reynolds number in the valleys. “When 
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the corrugation size d2 (in Fig. 1) is used instead of the hydraulic diameter Dh, 

the Reynolds number corresponding to ReDh =1,500 is ReD2 = 300.” The D2 

designation is the diameter of the inner corrugation. Furthermore, Ünal notes, 

“for a circular cylinder, the range of 150<Re<300 represents the transition 

from laminar vortex street (known as periodic Karman vortices) to unsteady, 

turbulent vortex street while the boundary layer is laminar.” The vortex 

shedding around the inner diameter can be observed in our results when the 

laminar flow deviates from the linear relationship of low-speed flows. The 

authors highly recommend viewing the digital videos taken during Ünal’s 

experiments. 

For laminar flow, the authors propose the minimum diameter as the 

hydraulic diameter of corrugated lines. Previous authors: Deiber [42], Bian 

[40], and Russ [38] compare geometrically (see Figure 6), but with results 

were presented with the mean diameter (Dmean) as hydraulic diameter. By 

shifting the hydraulic diameter definition from Dmean to the minimum diameter 

(ID), a more representative friction factor can be obtained and compared with 

smooth straight pipes. Translation of friction factor and Reynolds number 

calculations from the mean hydraulic diameter to the inner diameter for Bian, 

Deiber, and Russ are provided in the discussion section of Chapter 3 

Experimental Results and results compared to this study in Figure 29.  
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Figure 6 — As published references friction factor vs Reynolds Number 
annular corrugated pipes 

 

Two-dimensional channel flow of a corrugation profile as in Nishimura 

[44] and Ünal [23] provides visual insight and direct velocity measurements as 

a reflection of circular corrugated pipes. The velocity profile varies in 

corrugated walls with the top of the flow being at a free stream compared to 

the pipes whose bulk central flow behaves like smooth pipe. Nishimura [44] 
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showed that two-dimensional laminar channel flow is periodic with vortices 

formed in the widening corrugation profile away from the center freestream. 

Ünal’s [23] work is compared to Develi [43] who found a critical Reynolds 

number between 1,400 and 1,650, depending on the corrugation size, and that 

turbulent flow starts at the Reynolds number of 2,000 to 3,000.  

The flow induced a high-frequency whistling with the smallest inner 

diameter corrugated pipes at the fastest flow rates, but minimal sound 

emanated from the straight pipes at the same flow rates. Several references 

studies the acoustical properties of flow through corrugated pipes including: 

Rudenko [89] ,Popescu [90], Ziada [91], Balaguru [92], Rajavel [93], Rudenko 

[94], Crawford [95], Cadwell [96], Golliard [97], and Tonon [98].  

The third category of corrugated pipe is a square or rectangular 

periodic cavity along the axial direction of the pipe (See Figure 2-bottom 

right). Stel [48] & [49] noted a lower friction factor relative to an equivalent 

smooth line for Re = 5,000. Ohira [50] presents slush nitrogen flow for square 

corrugated pipes and compares experimental data with Daniels [24] and [25]. 

Djenidi [51] provides information on experimental laser-induced fluorescence 

and laser Doppler velocimetry measurements for the turbulent boundary layer 

over transverse square cavities. Vijiapurapu [52] contains LES simulation 
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results of turbulent flow in a square cavity pipe. Ismail [53] also describes the 

effects of a square corrugated pipe on the flow. 

The fourth category of corrugated pipe is helical, spiral, or can be 

visualized as end over end like a gun barrel. From the most complicated and 

new geometries such as Kareem [57], while slightly increasing the friction 

factor 1.8-3.4, they can get 2.4-3.7 times the heat transfer through the new 

geometry. Wang [58] determined for laminar flow (low Reynolds numbers) 

that for a given pitch an optimal number of circumferential waves exist to 

minimize the resistance. Furthermore, with a fixed number of waves, there is 

an optimum pitch to maximize the axial rotation. Riley [15], van der Linden 

[21], Silberman [54], and Darzi [59] published various friction factor results 

for various geometries in the transitional flow regime. García [60] conducted 

experimental results with wire inserts and the corrugations slightly imposing 

the center flow (instead of expanding outwards). These results show a similar 

trend to the data collected. Pethkool et. al. [64] provides many geometric 

variations on the helical corrugated pipes to enhance heat transfer. 

The final category of corrugated geometry is the teardrop shaped cross-

section. The author does not see any benefit associated with creating a cavity 

for stagnant flow or vortex sheading trapping but referenced in early 

corrugated work as in Allen [65] and Hawthorne [66] with transitional flow. 
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After a review of literature associated with flow through straight 

corrugated pipes, Chapter 2 details the designed experimental setup. Chapter 

3: Experimental Results covers the experimental results collected and the 

comparison to selected literature references. The next section introduces 

Chapter 4 Computational Fluid Dynamics. 

Computational Fluid Dynamics (CFD) 

With the recent invention of computers, computational fluid dynamics 

(CFD) has allowed research to give a different simulated perspective on the 

characteristics of fluid flow. Jaiman [26] conducted CFD modeling for a 

sinusoidal transverse corrugation with a low ratio of corrugation pitch to 

inner diameter. References with sinusoidal CFD work included: Saha [46] 

conducted DNS low-Re transition regime; Kim [39] references Russ [38] which 

is one of the references for comparison; Loh [47], whose work follows that of 

Cotrell [35] also focuses on CFD work for critical Reynolds numbers.  Lahbabi 

[32] contains computational methods for laminar flow in corrugated pipes and 

is compared to Deiber [42]. 

Further studies have been conducted on various types of corrugated 

pipes: Jotkar [30] studied sinusoidal variation of a channel for very low 

Reynolds numbers. Konda [31] reviewed bubble motion through a sinusoidal 
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channel. Calomino [27] conducted experimental and numerical analysis of a 

sinusoidal profile lined corrugated pipe with free surface flow in a civil 

engineering drain application. Other studies including Stel [48] study d-type or 

square corrugations. Stel et. al. [49], Vijiapurapu [52] and Ismail [53] provide 

numerical simulation for d-type corrugated pipes. Azevedo et. al. [61] provides 

numerical simulation for d-type corrugated pipes of 10,000 < Re < 50,000.  

Pisarenco [56] provides turbulence modeling for helical transverse 

pipes. Reynolds numbers between 10,000 < Re < 50 x 106 were analyzed. The 

authors want to note the same trend of increasing and plateauing friction 

factor with increasing Reynolds numbers (Re > 105) observed to be wholly 

turbulent at these Reynolds numbers. A high-frequency whistling noise was 

observed during the data collection. Popescu et. al. [90] provides analysis of 

the acoustical noise for under-ocean corrugated pipes. Further studies have 

been conducted on diverse types of corrugated pipes. 

Chapter 2 describes the experimental apparatus, data recording, and 

validation using smooth pipe flow. Chapter 3 contains the results of the 

corrugated pipes in a straight configuration. Chapter 4 covers the current CFD 

analysis using a commercial code STAR-CCM+ with various turbulent models; 

shows the computational fluid dynamics work to compare various smooth 

lines and which turbulence model matches the experimental data the best 
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using commercially available software. Finally, in Chapter 5, the lessons 

learned, conclusions, and future work are presented. 
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Chapter 2 

Experimental Setup 

Using theory from smooth internal wall and fully rough internal wall 

pipes – in laminar and turbulent flow Reynolds number regimes – an 

experimental set-up was specifically designed to determine the friction factors 

associated with the corrugated pipes, previously shown in Table 3. Figure 7 

shows a schematic of the experimental setup used to measure fluid differential 

static pressure at evenly spaced intervals of 0.305 m (1 ft.) along a 3.05 m (10 

ft.) length of corrugated pipe. The figure shows the relationship between the 

important components, including the pressure regulator, relief valves, flow 

controllers, diffuser section, pressure transducers, data acquisition devices, 

and computer for data recording. Selvam [10] emphasizes the necessity of 

using additional pipe for entrance and exit sections for developing flows. 

Therefore, to ensure that the flow was fully developed and free of entrance or 

exit effects, 0.61 m (2 ft.) corrugated extension segments were attached to the 

entrance and exit of the primary test section pipe with threaded fittings. The 

fittings were assumed to introduce negligible error but were included as 

physical deliverables and the length was approximated using Joshi [63]. The 
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nitrogen flow rate was controlled by two Alicat mass flow controllers, MC 20, 

and MC 100, providing 20 and 100 standard liters/minute, respectively.  

 

Figure 7 — Schematic diagram of experimental setup including 
pressurized nitrogen source, tank regulator, mass flow controllers, 

diffuser with screen filter connected to an entrance, test and exit 
section of corrugated pipe 

Based on lessons learned during initial testing and data collection, 

changes were made to the experimental setup. Figure 8 shows photos of the 

completed assembly for the beginning of the second phase of data collection. 

The red arrows show the locations of the static pressure taps where the 

needles were located. The green arrows show where those static pressure taps 

are connected via polypropylene tubes to a pressure port manifold (later 

automated as shown in Figure 36 on pg. 115) to route the static pressure port 

directly to the high and low pressure sense ports of the differential pressure 

transducers. All the mass flow rate control and DAQ monitoring equipment are 

housed in the blue colored boxes and arrows (see Figure 31). The source 
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nitrogen flows through the selected mass flow controller (see Figure 9-left and 

Figure 10) and through a diffuser (see Figure 11). 

 

Figure 8 — Pictures of Experimental Assembly, left – corrugated pipes, 
static pressure ports and Phase I pressure port manifold, right – overall 

test setup 

 

  

Figure 9 — Alicat mass flow controller (left) and Omega differential 
pressure transducer (right) 
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Figure 10 — Mass flow controller selector subassembly 

To ensure that the pressure transducers and mass flow controllers 

were all of the sufficient sensitivity to measure with acceptable accuracy, the 

pressure differential between the gauges and a component selection study was 

performed. Two mass flow controllers were selected to minimize the error 

over the range of set points. Figure 41 pg. 127 in Appendix A – Experimental 

Setup shows the percent error readings for the mass flow controllers. Figure 

39 on pg. 123 in Appendix A – Experimental Setup shows the percent error 

readings for the differential pressure transducers using an estimated 

differential pressure reading. The original set of four differential pressure 

transducers was inadequate for the smallest diameter pipes due to larger 

130 psi  

pop-off relief valve 

Alicat MC-20  

20 SLPM 

Alicat MCH-100  

100 SLPM

3-way valve (mass flow selector) 

Nitrogen 
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measurements than predicted and a fifth differential pressure transducer was 

incorporated to complete the data collection. Table 11 pg. 119 summarizes the 

differential pressure transducers for this paper. A comprehensive uncertainty 

analysis was conducted and included in Appendix B – Uncertainty Analysis. 

A diffuser section (see Figure 11) between the mass flow controllers 

and test section ensured uniform flow from a smaller diameter supply source 

to a larger diameter corrugated pipe test section. The diffuser contained a 

brass muffler allowing diffusion of the nitrogen stream through a plenum 

chamber. A wire mesh screen was installed at the end of the chamber, like 

mesh screens in the entrance section of wind tunnels, to help provide uniform 

flow. After the screen, the entrance length of the corrugated pipe was 

connected, then to the test section, and finally to an exit length before venting 

into the atmosphere. 
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Figure 11 — Plenum chamber in between mass flow controllers and 
corrugated line entrance section 

Typical static pressure ports for flow through pipes comprise of a 

smooth edge connection located on the outer surface or radially internal to the 

flow in a pitot static configuration. Given the unique configuration of the 

corrugated pipe geometry, static ports located on the outer diameter of the 

corrugated pipes could experience dynamic pressure as flow expands radially 

outward, which produces a pressure gradient along the wall of the tube (see 

[21 – Figure 4). Pitot static tubes required 15-20 times the diameter of the 

¾” MNPT to 

½” & ¼” FNPT 

¾” FNPT 
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pitot tube to be engaged in the upstream flow. While properly designed static 

pitot tubes provide a high degree of accuracy, even when angular 

misalignment occurs Mitchell [81], it was infeasible to install pitot static tubes 

with the small diameter pipes tested. A 22-gauge stainless steel needle 0.4064 

mm ID, 0.7112 mm OD (0.016” ID, 0.028” OD) provided a small flow 

interference and the tip was adjusted to the center stream pipe for the static 

pressure measurement (see Figure 12). A 6.35 mm (¼” NPT) hub provided a 

connection to the pressure manifold. The needles were held in place using 

custom-made 3D printed holders, which matched the pipe’s outer geometry. 

Each holder compensated for the depth of the needle into the freestream to 

ensure that the needle ended in the center of the corrugated pipe.  
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Figure 12 — Cross sectional CAD for the static pressure port holder 
with exaggerated outline of the needle in a bent configuration 
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Figure 13 — Schematic representation of pressure ports and manifold 
routing to the differential pressure transducers in parallel 

The distance between pressure port locations was nominally 304.8 mm 

(12 inches) and varied between each pipe due to the different corrugation 

frequencies or pitch. Each needle hole is located on the top outer peek of a 

corrugated segment with the distances between the pressure ports measured 

and given in Table 9 on pg. 111. 3D printed parts (See Figure 14) provided an 

accurate template for center punching, drilling holes, and holding the needles 

into place. After installation, the needles were sealed to the pipe using silicone 

and leak checked by pressure testing to 55.2 kPa (8 psi). The low pressure did 

not provide a visible extension or flexing of the fixed pipe apparatus. The 
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pressure taps were directed by three-way valves to two different manifolds, as 

shown in Figure 13, one designated as the high-pressure side (upstream) and 

one low side (downstream). Examples of static pressure routing are located in 

Appendix A – Experimental Setup, see Figure 34 on pg. 113 and Figure 35 on 

pg. 114. These high and low side manifolds were connected in parallel to the 

Omega differential pressure transducers (summarized in Table 11 on pg. 119) 

and simultaneously measured to ensure the most accurate range for the 

measurement. The burst pressure limit for the pressure transducers was 68.9 

kPa (10 psi), which is 15% greater than the largest differential pressure 

recorded 58.6 kPa (8.5 psi). 

   

Figure 14 — Needle Holder Design cross section (left), assembled 
(middle) and bottom (right) 

Data Recording 

Based on previous work discussed earlier, it is likely that the flow 

through the corrugated pipes never establishes a steady state, but rather that 
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there are continuous, unsteady, and periodic effects associated with the flow 

over the corrugation elements. For example, as with a backward-facing step, 

there is a continuous creation and shedding of vortices from the discrete 

geometric element. However, the purpose of this work is to determine an 

average friction factor that can be used for engineering applications, and a 

suitable time averaging of the pressure measurements was performed. Similar 

techniques are used to determine the time-averages flow parameters 

downstream of a backward-facing step [82], [83], [84] &[85]. To determine a 

suitable data collection window, collected pressure data averaging was 

performed over a series of data sample sizes. Once the average value of the 

pressure data no longer changed with time, the unsteady and periodic effects 

were considered suitably averaged, and a 30-second data collection window 

was used on each test. The mass flow controller data (volumetric flow rate 

(liters/min), mass flow rate (standard liters per minute), outlet temperature 

(°C) and outlet pressure (psia)) was collected at 10 Hz while the pressure 

transducers (in. H2O) were sampled at 10 Hz. The unsteady flow effects are 

averaged for each single data sample. All control and monitoring of the 

experimental apparatus was implemented via National Instrument’s LabVIEW 

program with the front-end shown in Figure 15.  
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Figure 15 — LabVIEW screen shot of control panel with mass flow 
controller set point 

 

Data Calculations 

To obtain independent sets of differential pressure readings for a set 

flow rate and port configuration, required the following data reduction steps: 

1. Use the ‘zero’ flow measurement to re-zero all pressure 

transducer voltage readings. 

2. Truncate transient measurements between set point flow rates  

3. Separate data per flow rate  
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Since all 4 pressure transducers were measured simultaneously, post 

processing calculations determined which pressure transducer was most 

accurate in range for a given flow rate. 

 

 

Figure 16 — Sample Data Line #17 at 70 scfh plot of differential 
pressure vs flow rate (upper left), flow rate vs time (upper right), 

differential pressure vs time (lower left) (step 4) 
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The uncertainty of the individual measurements is described in 

Appendix A – Experimental Setup (see Figure 37 on pg. 121, Figure 38 on pg. 

122 and Figure 39 on pg. 123).  

From the design of the experimental apparatus, all the controlled mass 

flow rates will remain constant throughout the corrugated pipe, as long as 

there are no leaks. The continuity equation (4) describes the relationship 

between mass flow rate, density, and velocity of the fluid flow, and the cross-

sectional area where the flow occurs. Continuity remains true in turbulence 

flow representing a time-averaged mass value. The governing dimensionless 

parameters of friction factor and Reynolds number equations can be rewritten 

in terms of mass flow rate and controlled by the mass flow controller. By 

controlling the mass flow rate, the various geometries tested at different times 

and input conditions will be set and controlled to a mass flow rate – which will 

reduce the uncertainty of the overall experiment and provide consistent set 

points. Rewriting friction factor, equation (1) in terms of mass flow rate will 

yield equation (5). Reynolds number, equation (2), rewritten in terms of mass 

flow rate will yield equation (6). 

 
𝑚̇ =  𝜌𝑉𝐴 (4) 
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 𝑓 =  (
∆𝑃

𝐿
)
𝐴𝑣𝑔
 
2𝐷ℎ

𝜌𝑉2
 = (

∆𝑃

𝐿
)
𝐴𝑣𝑔
 
𝜌𝜋2𝐷5

8𝑚̇2
 (5) 

 
 

𝑅𝑒 =
𝜌𝑉𝐷

𝜇
=  
4𝑚̇

𝜋𝐷𝜇
 (6) 

 

The uncertainty associated with the data reduction equations (5) and 

(6) are described in Appendix B – Uncertainty Analysis (see Figure 44 and 

Figure 45). 

With the data recording and reduction described, the experimental 

setup validation process is described below. The validation of the 

experimental apparatus compares previous analytical and experimental 

results using a smooth pipe.  

Smooth Pipe Validation 

Electrical metal tubing (EMT) was used as a test flow pipe to validate 

the experimental apparatus by taking differential pressure loss measurements 

at various flow rates to compare smooth line Reynolds number and friction 

factor predictions. The importance of validating a new experimental apparatus 

is self-explanatory, but some of the detailed issues in validating fluids 

experiments are described in Roache [86]. EMT provided the rigidity, 

smoothness, and straightness for a test flow pipe, and a 15.875 mm ID and 

20.955 mm ID (0.625” ID and 0.825” ID) pipe were used. To ensure a fully 
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developed flow free from entrance or exit effects, a 1.524 m (5 feet) long 

segment was attached to both ends of the 3.048 m (10 feet) test section. Figure 

17 shows the measurement of differential pressure per unit length (Pa/m) vs 

set point standard volume flow rates (standard liters per minute). Theoretical 

laminar and turbulent pipes were recreated from the Haaland approximation 

of (3) for smooth wall pipes and extended into the transitional region. The 

error bounds calculations are detailed in the uncertainty analysis using 

Coleman and Steel [88] in Appendix B – Uncertainty Analysis. Results for the 

0.825” EMT smooth pipe were similar to the 0.625”. 
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Figure 17 — Differential pressure per length and mass flow rate for 
smooth 0.625” EMT pipe 

 

 

Figure 18 shows the calculated friction factor vs Reynolds number for 

the smooth pipes. Both smooth walled pipes show a high degree of agreement 

between established correlations and the experimentally measured data for 

friction factor vs Reynolds number. Both pipes start to deviate from the 
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laminar flow at approximately Re ~= 1,500, potentially due to internal 

disturbances including the fittings or the pressure tap needles within the flow. 

 

Figure 18 — Calculated friction factor vs Reynolds number for EMT 
pipe to validate experimental testing apparatus 
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Smooth Pipe Lesson Learned 

Flexible polypropylene tubing does not maintain a uniform diameter 

and is practically impossible to keep straight as it usually arrives coiled. 

With the experimental apparatus validated with smooth lines, the next 

chapter details the separate phases of data collection with corresponding 

results from the corrugated pipes in a straight configuration.  
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Chapter 3 

Experimental Results 

For each of the varying flow rate set flow rate points, the differential 

pressure was collected for each combination of pressure port locations. Three 

phases of data were collected with lessons learned being rolled into 

subsequent phases of data collection, as outlined in Table 4. All phases used 

gaseous nitrogen and mass flow readings, which were collected and controlled 

at 10 Hz. 

Table 4 — Experimental Test Matrix Overview 

Phase 

Set mass 
flow rate 
Interval 

(scfh) 

∆P port 
locations 

Steady state 
hold time 
(seconds) 

Pressure 
transducer 

sampling (Hz) 

Phase I 
(Straight) 

Zero by 
10 to 200 

P1-P2, P1-P3, 
P1-P4, P1-P5, 
P1-P6, P1-P7, 
P1-P8, P1-P9, 

P1-P10 

30 100 

Phase 2 
(Redo Phase 

I and 2D 
bends) 

Zero by 
10 to 200 

Six locations 
(9 

combinations): 
P1-P7, P1-P8, 
P1-P9, P2-P7, 
P2-P8, P2-P9, 
P3-P7, P3-P8, 

P3-P9 

3 10 

Phase III 
Zero by 

0.25 to 40 
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Phase I 

The first set of data collection included measuring the differential 

pressure between ports: 1-2, 1-3, 1-4, 1-5, 1-6, 1-7, 1-8, 1-9, 1-10 with a set 

standard flow rate of 0 to 200 scfh in ten scfh increments. These initial results 

showed a larger error when smaller distances were measured, but more 

importantly, it showed that all measurements were taken with respect to the 

first needle. Any error introduced by the first needle would be undetectable in 

the data set since it is common to all measurements.  

If a needle was bent in the upstream direction, the measurement would 

not only be reading the static pressure but also a component of the dynamic 

pressure (installation bias error). See Figure 12 for an exaggerated bent 

needle. On the opposing effect, if the needle is bent toward the downstream 

direction of flow the localized flow near the needle would cause a decrease or 

negative pressure – similar to a venturi siphon. Initially, the needles were cut 

to the length which the needle was in the center stream of the corrugation to 

reduce any of these effects. In the early stages, the ends of the needles were 

not carefully taken into consideration, amplifying the error induced by the 

needle installation. Observations of independent needle installation error 

became apparent as shown in the resulting differential pressure per unit 

length and friction factor vs Reynolds number, shown in Figure 19.  
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Figure 19 — Initial results of differential pressure per unit length for 
various distances in corrugated pipe (0.50” Annuflex) 

The expectation was to have differential pressure per length provide 

consistent, repeatable results over varying lengths. This was based on the 

lower flow rates for short pipe lengths, which do not cause any compressible 

effects. These Phase I results were not included in any subsequent 

analysis/conclusions due to the major source of the error – the needle 

installation effects, which were replaced and fixed. 
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Figure 20 — Phase I results of friction factor vs Reynolds number for 
tested corrugated pipes 

Figure 20 shows the resulting friction factor vs Reynolds number for 

the tested corrugated pipes for the initial Phase I.  

Phase I Lessons Learned  

1. The Alicat mass flow controller stated a standard mass flow rate of 40 

standard liters per minute. While the units did not initially make sense 

to state a mass flow rate with units of volume flow, one can convert 

between the two by dividing or multiplying by the density at the 
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standard conditions. This led to a separate sanity check with creating a 

choked flow condition in an orifice to gain confidence and 

understanding of the output units of the mass flow controllers. 

2. Pay attention to the transducer response times – oversampling adds 

unnecessary post processing time (i.e. the differential pressure 

transducers have a response time of 500 milliseconds – the Phase I 

sampling of the analog signal at 3,000 Hz was heavily oversampled). 

3. One major observation is the “whistling” effect caused by the turbulent 

flow through the corrugated pipes. The experiments required double 

hearing protection per OSHA, for the maximum 120 dB acoustic 

whistling. The audio signals were captured and the oscillation shedding 

frequency for each geometry at each flow rate can be determined with a 

fast Fourier transform and remains future work. 

Phase II 

After the initial set of data was collected, the data collection scheme 

was modified to record each pipe summarized in Table 4 by measuring the 

pressure differential between all combinations of ports: 1, 2, 3, 8, 9, 10. The 

middle pressure ports were not installed and sealed. The resulting static 

pressure ports were: 1-8, 1-9, 1-10, 2-8, 2-9, 2-10, 3-8, 3-9, and 3-10 for 
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nitrogen flow rates between 0-94.4 slpm (0-200 standard cubic feet per hour 

scfh) in increments of 4.72 slpm (10 scfh). This allowed error tolerance and 

detectability; when there was a needle bent, the average differential pressure 

per length values would be skewed high or low, and the data for the needle 

could be removed.  

 

Figure 21 — 3/8” Annuflex - Standard volume flow rate (scfh) vs 
differential pressure per length (“H2O/inches) 

 

Figure 21 shows the resulting pressure loss per length at the set flow 

rates for the 3/8” Annuflex pipe. The left plot shows the variation associated 

with the smaller distances between differential pressure sensors (due to 

smaller pressure loss being measured) and the right plot shows the 
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consistency of averaging multiple combinations of pressure drop locations 

over longer distances. The combination of the longer lengths was used in the 

analysis. 

 

Figure 22 — Phase II friction factor vs Reynolds number for 3/8” 
Annuflex corrugated line 
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Figure 22 shows the resulting friction factor vs Reynolds number for 

the 3/8” Annuflex corrugated line, as per the original statement of work. It is 

unclear where the separation occurs between laminar and transitional flow, 

leading to adding a Phase III. 

Secondary pressure loss effect of two-dimensional bends 

One of the first attempts to theoretically account for the increased 

pressure losses in two-dimensional bends was Dean [67]-[68] in 1928. He 

introduced a concept now called Dean vortices, which was verified by Taylor 

[69]. The curved or bent pipes cause a secondary flow due to centrifugal forces 

changing the direction of the fluid. After 10 years, Beij published several 

experimental results [70]-[71] and compared several other experiments which 

he noted, “represent the best which have been obtained, and that the 

discrepancies are far too large to be accounted for by experimental errors 

alone.” In 1983, Berger [72] presented a compilation of flow through smooth 

curved pipes. 

The same entry and exit length for fully developed flow Ault [73] 

extends into curved pipes. Vester [74] is an overview reference for turbulent 

flow in curved pipes for both experiments and simulations including both 2D 

and 3D bends. 
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𝐷𝑒 = √𝛾𝑅𝑒  (7) 

 
𝛾 =  

𝑅

𝑅𝑐
  (8) 

The curvature ratio is limited to the range 0 ≤ 𝛾 ≤ 1 where 𝛾 = 0 for 

straight pipe and 𝛾 = 1 corresponds to a sharp bend or elbow. Due to the 

geometry associated with the outer diameter of the corrugation, there is a 

manufacturing suggested limit on the minimum bend radius allowed for a 

given line. This would result in an upper limit of the curvature ratio on 

corrugated lines.  

In 1938, Beij [71] produced one of the first studies on water flow 

through smooth walled pipes for transition and turbulent flow with 2D bends. 

Sakakibara [75] conducted PIV measurements in smooth walled pipes with 2D 

bends, focusing on the immediate exit of the bend. Their results show a large, 

non-uniform instantaneous velocity vector which highlights the importance of 

where measurements need to be taken in 2D bends. Carlsson [76] contains 

even more complex swirl switching in turbulent flow in 90-degree bends. 

Shusser [77] shows computational results for flow in a curved pipe with a 

sudden expansion, highlighting the lack of expansion into the entire curved 

surface flow. 

An extension of two-dimensional bends is three-dimensional bends 

including helical smooth and corrugated pipe flow. A recent study by Datta 
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[78] compares experimental results in smooth pipe flow to computational 

fluid dynamics. Zachár’s [79] CFD was based on the 3D helical experimental 

data of Datta [78]. Rainieri [80] also produced experimental results for 3D 

helical shaped on smooth walled pipes. 

Table 5 — Summary Literature Review for pressure loss through 
corrugated pipes with 2D bends 

Corrugated Pipe Type Laminar Transition Turbulent 

Annular 

S-Type/ 
Transverse 

 
[15]*, [22]*  [15]*, [22]*  

Sinusoidal    

D-Type/Square    

Helical/Spiral 
 

[15]*, [79]‡, 
[80]* 

[15]* 

Teardrop   [66]**‡ 
* Experimental data only 

**  Analytical only 

† Computational Fluid Dynamics only 

‡ Experimental and Computational Fluid Dynamics 

Table 5 contains a small list of compiled literature with pressure loss 

results from corrugated pipe flow with 2D bends. 

Phase II of the study included measuring the differential pressure loss 

for 2-dimensional bends of varying bend radii and angles to determine if there 

was a major contribution of secondary flow effects in annular corrugated 

pipes. The focus of the work included 2” (or 2.5” a minimum bend radius 
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exists), 4”, 8”, and 16” in combination with 45°, 90°, 135°, and 180° for all 

previously collected flow rates. Figure 23 shows a photo of the 3D printed 

corrugated pipe holders for the 2-dimensional bend testing. The only way this 

phase was able to be accomplished was due to the automation of the data 

collection and recollecting of the straight corrugated lines. 

 

Figure 23 — Photos of 3D printed corrugated pipe holders for 2-
dimensional bend testing 

With 17 bend configurations for each combination of differential 

pressure readings collected, the overall magnitude of the secondary flow 

effects of 2-dimensional bends was not significant enough to differentiate 

within the uncertainty of the straight corrugated lines. These results are very 

similar to those presented by Riley [15] & [18]. The major conclusion being 

that the secondary flow effects are still secondary – even for corrugated pipes. 

Figure 24 shows an example 3 8⁄ ” Annuflex corrugated pipe with all the 

previous test conditions but normalized with the bend angle and bend radius. 

Even in the worst-case scenarios, the secondary flow effects were 7-10% 
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additional pressure loss than the straight corrugated pipes. The rest of this 

appendix contains the methodology and steps to reach this conclusion. 

 

Figure 24 — 3/8” Annuflex with 2D bends – normalized bend radius and 
bend angle 

Figure 25 shows the 3/8” Annuflex corrugated pipe for 2”, 4”, 8”,  and 

16” bend radii for all the bend angles (45°, 90°, 135°, and 180°) for the 
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combination set of differential pressures across the bends, which have been 

subtracted from the straight corrugated pipe flow measurement. One general 

observation: the longer the arc length is for the bend, the higher the effect of 

the pressure loss from the bend. Overall, though the maximum pressure loss 

was found in the 16” and 180-degree bend, ~11 inches of water additional 

pressure loss due to this bend.  
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Figure 25 — 3/8” Annuflex with 2D bends 

Figure 26 shows the 3/8” Annuflex with 2D bends summarized by bend 

radius, averaging the different differential pressure per unit lengths. The left 

plot shows this summary, and the right plot shows the same results but 

normalized to the 45° bend angle. The results show that the pressure loss for 

each bend radius is consistent for multiples of bend angles. 
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Figure 26 — 3/8” Annuflex with 2D bends – left, all measurements, 
right normalized to 45-degree bend radius 

Phase II Lessons Learned 

Control and monitoring automation through externally piloted control 

valves allowed for any pressure port to be directed to the ‘high’ and ‘low’ sides 

of the differential pressure transducer. Automation becomes necessary when 

repeated or quick tasks must be accomplished while controlling varying 

parameters.  Appendix A – Experimental Setup (see Figure 33 on pg. 112, 

Figure 34 on pg. 113, Figure 35 on pg. 114, and Figure 36 on pg. 115) shows 

the original manual three-way valve manifold, the operational concept with 

two different examples, and the diagram of the piloted electronic valve system 

to replace the manual manifold. 
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Phase III 

Upon completion of Phase II, the authors continued the data collection 

using a higher resolution of mass flow rates – particularly in the laminar to 

transition region to obtain an improved data set and capture the transitional 

Reynolds number. The same static pressure locations were used but for a finer 

resolution of flow rate 0 to 40 scfh by 0.25 scfh. This allowed the capturing of 

not only the laminar portion but also the transitional Reynolds number to a 

high degree of fidelity. The transitional Reynolds number is reported in Table 

1 on pg. 5. 

 

Figure 27 — Comparison of Phase II (left) to Phase III (right) data 
collection friction factor vs Reynolds number 

Figure 27 shows the comparison of the resulting friction factor and 

Reynolds number calculations for Phase II (left) and Phase III (right). The 
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results were repeatable between phases for overlapping input set mass flow 

rates.  

The individual corrugation resulting pressure loss per length vs mass 

flow rate and Reynolds number vs friction factor is located in Appendix C – 

Plots of Results. 

Empirical correlation using Poiseuille Number 

An empirical correlation using Poiseuille number grouped current 

tested corrugated lines by product type or frequency of corrugation pitch 

relative to minimum/inner diameter.  

A correlation for the friction factor for the corrugated lines was 

developed using the approach for non-circular ducts outlined by Shah and 

London [3], as cited by White [17]. The correlation uses the Reynolds number 

based upon the inner diameter (Re𝐼𝐷) and the laminar Poiseuille number (Po) 

as a function of corrugation height (E) and pitch (or period) of corrugation (P) 

for laminar flow. The Poiseuille number is the product of the Reynolds number 

and the Darcy friction factor (f) as shown in equation (5). 

 𝑃𝑜 =  𝑅𝑒 ∗  𝑓 (9) 
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For turbulent flow (Re > 2,300), an effective Reynolds number, shown 

in equation (6), is calculated based on the ratio of the Poiseuille number for 

pipe flow to the Poiseuille number for rectangular duct flow. The friction 

factor is then calculated using the Moody chart. 

 
Re𝑒𝑓𝑓 = Re𝐼𝐷 (

Po𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛
Po𝑐𝑜𝑟𝑟𝑢𝑔𝑎𝑡𝑒𝑑 𝑙𝑖𝑛𝑒

) (10) 

 

In either the laminar or turbulent case, the Poiseuille number, as 

approached by Shah and London [3], defined in equation (7). 

 
Po = a + b(

E

P
) + c (

E

P
)
2

+ d(
E

P
)
3

+ e(
E

P
)
4

 (11) 

 

Where a, b, c, d, and e are coefficients obtained to collapse the data onto 

a typical circular cross-section pipe flow Moody Chart data fit. For the 

corrugated line data obtained in the current testing work, the type/product 

name of the corrugated line yielded different coefficients. Table 6 lists the 

Poiseuille number coefficients obtained for the three types of corrugated lines 

tested. Figure 28 illustrates the corrugated line data friction coefficient vs 

Reynolds number based upon the effective Reynolds number. 
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Table 6 — Poiseuille Number Empirical Correlation Coefficients 

Corrugation Model: Annuflex Masterflex Titeflex 

Poiseuille 
Number 

Coefficient 

a =  12 10 10 

b =  6 11 -2 

c =  -3 -1 2 

d = -5 -6 5 

e = 2 2 0 
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Figure 28 — Friction Factor vs Effective Reynolds Number with 
Poiseuille Number empirical correlation 

 

This empirical relation will be programmed as an optional feature of 

NASA Marshall’s Space Flight Center’s GFSSP [1] program. 
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Discussion 

The referenced authors used various definitions of hydraulic diameter, 

which change the resulting friction factor and Reynolds number calculations. 

Their friction factor and Reynolds number presented in this discussion have 

been transposed from their respective definitions of hydraulic diameter to 

hydraulic diameter calculated based on the inner diameter to compare directly 

to our results. From equation (12), the Reynolds number is calculated with the 

hydraulic diameter, mean velocity, density, and dynamic viscosity. The mean 

velocity is calculated by taking the volume flow rate (Q) and dividing it by the 

hydraulic cross-sectional area. Deiber [42] and Russ [38] defined the hydraulic 

diameter as the mean diameter. Bian [40] used a hydraulic diameter equaling 

the max diameter. To transpose these values from their referenced documents, 

the Reynolds number and friction factor were multiplied by 
𝐷ℎ

𝐷𝑚𝑖𝑛
 and 

(
𝐷𝑚𝑖𝑛

𝐷ℎ
)
5

respectively.  

where: 

 

𝑅𝑒 =
𝐷ℎ𝑉 𝜌

𝜇
=  (

𝐷𝑚𝑎𝑥 (
4𝑄

𝜋𝐷𝑚𝑎𝑥
2 )  𝜌

𝜇
)

[42]

= (
4𝑄𝜌

𝜋𝜇𝐷𝑚𝑎𝑥
) (12) 
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By changing the characteristic length – hydraulic diameter, a 

multiplication ratio is used (13): 

 
𝑅𝑒𝐷𝑚𝑖𝑛
𝑅𝑒𝐷𝑚𝑎𝑥

= 

(
4𝑄𝜌

𝜋𝜇𝐷𝑚𝑖𝑛
)
[𝑇ℎ𝑖𝑠 𝑠𝑡𝑢𝑑𝑦]

(
4𝑄𝜌

𝜋𝜇𝐷𝑚𝑎𝑥
)
[42]

= 
𝐷𝑚𝑎𝑥
𝐷𝑚𝑖𝑛

 (13) 

 

Similarly, for friction factor (14): 

 
𝑓 =  

∆𝑃

𝐿

2𝐷ℎ
𝜌𝑉2

= 
∆𝑃

𝐿

2𝐷𝑚𝑎𝑥

𝜌 (
4𝑄

𝜋𝐷𝑚𝑎𝑥
2 )

2 =
∆𝑃

𝐿

𝜋2𝐷𝑚𝑎𝑥
5

8𝜌𝑄2
  (14) 

 

Which makes the multiplication ratio (15): 

 
𝑓𝐷𝑚𝑖𝑛
𝑓𝐷𝑚𝑎𝑥

=

∆𝑃

𝐿

𝜋2𝐷𝑚𝑖𝑛
5

8𝜌𝑄2

∆𝑃

𝐿

𝜋2𝐷𝑚𝑎𝑥
5

8𝜌𝑄2

= (
𝐷𝑚𝑖𝑛
⬚

𝐷𝑚𝑎𝑥⬚
)

5

 (15) 

 

Note: This same exercise is completed to translate the hydraulic 

diameter definition of Deiber who used the mean diameter to compare with 

this study using a hydraulic diameter of the minimum diameter. The ratio to 

translate the Reynolds numbers is linear while for friction factor it is the ratio 

of the diameters to the 5th power.  
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Figure 29 — Friction Factor vs Reynolds number using inner diameter 
as the definition for hydraulic diameter 

 

Figure 29 shows a comparison between other journal references and a 

select 10.64 mm Masterflex pipe from this study. The first observation occurs 

when translating the respective paper’s definition of hydraulic diameter, 

either average diameter or the maximum diameter, to the minimum diameter 

correlates well to the analytical smooth wall laminar flow definition of f = 

64/Re. Furthermore, for much of the laminar regime, the friction factor is less 
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for a corrugated pipe than an equivalent inner diameter smooth pipe at the 

same Reynolds number. For laminar flow, the corrugated pipes experienced 

less pressure loss than a pipe with an equivalent inner diameter, resulting in 

less friction, due to the flow in the corrugation pockets providing less sheer 

stress than a solid wall. This result also corresponds with Esquivel [12], where 

it was noted that all of the flow rates from an imposed pressure gradient per 

length on a corrugated pipe were more than an equivalent smooth walled pipe, 

which would imply a lower friction factor. Esquivel [12] conducted a 

parametric study of the effects of the wall shape on laminar flow in corrugated 

pipes. For the best comparison, only the symmetric shapes with uniform 

expansion and contraction are considered.  

The next observation, the previous journal papers pipe transitioned 

from laminar flow at a lower Reynolds number attributed to a larger pitch 

relative to the inner diameter (P/ID) of 3.5-4.6 compared to this study, which 

has a (P/ID) between 0.18 and 0.44. The fluid flow has a distance (pitch) to 

axially traverse before another contraction to the next inner corrugation and 

the flow expands into the cavity.  

Deiber [42] initially noted that if inertial effects are absent there exists 

a linear relationship between f and Re-1. For low Reynolds number values, the 

slope is negative 1. Flow separation starts at the diverging portion of the inner 
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wall and the consequent vortex formation is observed. Quantitative agreement 

between theory and experiment decreases as one moves into the inertial 

regime. Transition to turbulent flow is impossible to locate without ambiguity, 

but this shows the abrupt increase in pressure drop, which is expected at the 

transition flow rate. Deiber’s experiment has a similar transition from laminar 

flow to transitional flow then a near constant friction factor with increasing 

Reynolds number-similar to our two tested corrugated pipes (10.64 mm 

Masterflex and 19.88 mm Annuflex). While other tested corrugated pipes 

initially exhibit the same behavior, as Reynolds’ number continues to increase 

past 4,000 the friction factor starts to deviate from a constant value. Similar 

behavior is captured in the Moody diagram with various relative roughness 

lines until the Reynolds number increases enough past the wholly turbulent 

flow and the friction factor stays constant. 

Russ’s [38] results show close similar results for the laminar regime but 

then vary widely through the transition region. They account for the variances 

of the experimental apparatus due to the experimental process of sublimating 

naphthalene which would introduce additional particles and mass into the 

flow field. The goal was to gain visual effects and to calculate the heat transfer 

efficiency of the corrugated pipe. Russ’ definition of hydraulic diameter was 

the mean diameter and by rescaling the hydraulic diameter definition to the 
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inner diameter, the experimental results correlate with previous and current 

studies. Russ’ experimental results are similar to the tested corrugated pipe 

(8.64 mm Titeflex). 

Bian’s [40] experimental results contained the largest pitch relative to 

the inner diameter ratio and the largest depth relative to the inner diameter 

ratio. After rescaling the results to the hydraulic diameter being defined as the 

inner diameter, increasing Re > 230, results in a Reynolds number 

independent of friction factor because of a circulation vortex. Reported results 

in terms of the outer diameter, but translating the results to the inner 

diameter reflects the f = 64/Re since the bulk flow is in the center stream of 

the corrugated pipe and negligible flow occurs in the corrugation pockets. 

Bian’s steady friction factor with increasing Reynolds number for transitional 

flow is similar to Deiber’s results and the two corresponding tested corrugated 

pipes (10.64 mm Masterflex and 19.88 mm Annuflex). A similar conclusion can 

be drawn about the experimental results not being fully or wholly turbulent 

due to the limited tested range of Reynolds numbers. 

In 2016, Ünal [23] conducted visualization experiments of a cross-

section of a corrugated wall which would create a channel with transparent 

sides. Ünal identified that flow in a corrugated channel would create a 

simplified, two-dimensional reflection of a corrugation pipe with a circular 
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cross-section. This experimental setup was intended to address problems in 

industry more directly, compared to simplistic corrugation geometries from 

literature. The results showed a critical Reynolds number at 1,500. Ünal also 

found that for laminar flow, Reynolds number < 1,300, the motion in the 

groove is circulatory, resulting in a large stable vortex. For the turbulent flow 

region (beyond 1,400), however, the vortex in the respective groove 

propagates to the subsequent groove and erupts intermittently into bulk flow. 

Ünal’s work agrees with the work of Develi and Ahn [43] that studied stainless 

steel circular corrugation geometries. They found the critical region to be 

between 1,400 and 1,650 for transition and turbulent starts at 2,000-3,000.  

Similar to channel flow, Nishimura [28] and [44] investigated two wavy 

plates with smooth sides placed at a distance with a medium of glycerol and 

city water. They found circulated flow vortices occurring at Re = 95-350 

(laminar flow, without inertial effects). In this study, the flow becomes 

unsteady until Re = 670, where the mainstream is violently disturbed by the 

unsteady vortex motion. At a Reynolds number over 670, the pattern is the 

same but more violent due to an increase in intensity and frequency. For 

laminar flow without inertial effects, the friction factor decreases with 

increasing Reynolds number according to the smooth wall f = 64/Re 

monotonically until Re = 350. Again, just like with Deiber and Bian, after the 
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transition Reynolds number, the friction factor seems to become constant with 

increasing Reynolds number. 

Allen’s [65] teardrop incompressible experiment observed a 

transitional “Reynolds number at approximately 1,700 instead of the normal 

2,300”. Furthermore, the results were similar to our results for the laminar 

flow. Even though the corrugation pitch geometry was different, the hydraulic 

diameter definition was based on the inner or minimum diameter. 

An empirical correlation for the test data obtained from the corrugated 

line study has been developed with an effective Reynolds number based on the 

Poiseuille number. The Poiseuille number is based upon a fourth-order 

polynomial of the ratio of the corrugated pitch to corrugation height. The 

coefficients are unique for each type/product name of corrugated line. The 

results correspond well with the typical pipe flow Moody Chart, but the data is 

biased to the low end of the effective Reynolds number range, and it is 

recommended that further test work be executed to provide higher Reynolds 

number data (Reeff > 20,000). 

The corrugated pipes show good agreement for approximate Reynolds 

numbers typically found in the laminar flow regime for smooth-wall pipes (Re 

< 2,300). The transition point from laminar flow to transitional flow for 

decreasing Reynolds numbers and increasing inner pipe diameter. The friction 
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factor correlation to the Reynolds number for laminar flow also follows the 

same trend, but all lower than f = 64/Re. For larger Reynolds numbers near 

the smooth-wall pipe turbulent region (Re > 4,000), the corrugated pipes 

tested show a decrease of friction factor with increasing Reynolds numbers. 

Several pipes show the same relationship as Popiel, et. al [20] and Bernhard 

and Hsieh [19], where the friction factor increases with increasing Reynolds 

number. While some of the pipes seem to converge, it is inconclusive to 

extrapolate to the full range of the Reynolds number for the Moody diagram 

correlations where Re < 108.  
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Chapter 4 

Computational Fluid Dynamics of 

Corrugated Pipes 

Computational Fluid Dynamics (CFD) utilizes numerical methods to 

solve problems that include fluid flow. The governing differential equation for 

most CFD problems are the Navier-Stokes equations. The methodology to 

solve CFD problems include geometry via computer aided drafting (CAD) 

creation, discretizing the volume (a.k.a. the mesh), defining the physics 

model(s) of fluid motion and solving techniques, defining the boundary 

conditions, running the simulation in steady-state or transient and finally 

using a postprocessor to view the results. The entire CFD process has been 

privately and commercially implemented throughout various companies. One 

of the commercial off the shelf solutions is called Simcenter STAR-CCM+ by 

Siemens. Simcenter STAR-CCM+ is a multiphysics computational fluid 

dynamics software that enables engineers to create complex models and 

explore design capabilities to real-word conditions. The objective of the CFD 

phase was to determine which of the prebuilt in turbulence models closest 

match the test data.  
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Nine turbulence models were compared (See List of Abbreviations pg. 

xvii for reference): KO Standard, Reynolds-Stress, SST M KO, V2F, AKN, SKE L 

RE, SSA and ST W KO. The total number of CFD cases ran were 2,070 = 10 

geometries * 23 flow rates * 9 solvers. 

Selection of Geometry to Simulate 

Several initial test cases were run to compare the different fidelities of 

the solution which include: 2D axisymmetric & periodic, 2D axisymmetric, 3D 

periodic - 1 corrugation, 3D periodic - 5 corrugations, 3D full length of 10 feet. 

Ideally, the highest level of geometric fidelity (compressible, 3D full 10 feet 

length) of corrugated pipe should be modeled, but became too 

computationally expensive (189 million cells, 1 week to converge on 500+ 

node NASA server) on a single test corrugated geometry at a particular flow 

rate for a particular turbulence model. Since most of the flow rates and 

geometry produce a small pressure drop across a small length of simulated 

section of pipe (5 corrugation pitches) then the simulation can be run with an 

incompressible assumption. Note the simulations presented in this chapter 

represent short lengths of pipe where there are minor pressure differences 

which would result in minor density changes down the length of pipe of less 

than 5%. With no density change, the pipe simulation of the test section is 
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assumed repeatable down the entire length of the pipe. End user care needs to 

be taken when using these simulations for long lengths of pipe or smaller 

diameter pipes with faster flow rate – resulting in a non-negligible pressure 

drop across the test section and thus the density does substantially change 

down the length of the pipe – compressible flow. Chapter 3’s application note 

introduces a theory for using the Fanno Flow relations for adiabatic 

compressible flow in corrugated pipes. The next few sections describe the 3D 

periodic CFD cases. 

Mesh Description & Grid Independence 

Mesh quality was verified and included: Cell skewness angle (<85 

degrees), face validity metric (0.5 to 1 [goal]), cell quality metric (0 to 1, 10^-5 

bad), volume change metric (0 to 1), chevron quality indicator (0 is good). A 

grid convergence study was conducted using various densities of meshes and 

comparing the resulting measured values: net mass flow rate, velocity and 

static pressure. The mesh had 3 levels of refinement and showed that the 

resulting measured values did not change greater than 0.1% between meshes. 

Figure 30 — Sample mesh for 0.25” Annuflex with cross sections at the inner 

diameter below shows a cross sectional view of the resulting mesh. 
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Figure 30 — Sample mesh for 0.25” Annuflex with cross sections at 
the inner diameter 

 

There are several different wall functions which model the wall 

functions of the shear stress that the outer wall boundary condition places on 

the fluid elements. The dimensionless parameter of y+ of less than 1 would 

resolve the viscous sublayer and gauge which wall function is best represented 

– calculated by the first cell height at the wall compared to the cell velocity. For 

the overwhelming majority of the simulations presented the y+ value was 

much less than 1 due to the low flow with the largest y+ occurring at the 

fastest flow rate (200 scfh) with the smallest geometry (0.25” Titeflex), but 

still with a y+ of less than 2.5. 
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Boundary Conditions 

Boundary conditions – the inlet condition is a set target mass flow rate 

and a periodic boundary condition (repeated to the inlet) was the exit 

condition. For the CFD cases presented, the 23 target flow rates: 2.5, 5, 7.5, 10, 

12.5, 15, 17.5, 20, 22.5, 25, 27.5, 30, 40, 50, 60, 70, 90, 110, 130, 150, 170, 190, 

200 standard cubic feet per hour (scfh). These target flow rates were selected 

to follow more of a representative log scale since the resulting dimensionless 

parameters are also on a log scale. 

Turbulence Modeling 

All turbulence models used a low y+ wall treatment except KE Standard 

which used a Two-Layer All y+ wall treatment. All models used a segregated 

flow solver with a constant density. All models were 3-dimensional steady 

state flow. 

Note that all turbulence modeling options selected remained with the 

default implementation for the respective model coefficients. The turbulence 

models’ references include: Lien [99] – RANS, Lien [100] – Low-Re Eddy 

Viscosity Modelling, Wilcox [101] – Kw revisited, Wilcox [102] – Kw revisited 

2, Wray [103] – Low-Re Kw, Abe [104] – New turbulence model, and Davidson 

[105] – Modified V2F.  
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StarCCM+ Design Manager Utilization 

For comparison and repeatability, there was a single mesh per 

geometry generated by an external macro (Java script) to import the geometry 

mesh and not repeat the meshing operation between simulations. Another 

Java macro was created to automate: importing the geometry mesh between 

various pipes, resetting the boundary conditions, resetting the derived 

measurements and derived geometries used in post processing. Additionally, 

the last converged solution was interpolated as the initial condition onto the 

next case’s flow rate to speed up convergence. Utilizing STAR-CCM+’s design 

manger allowed for parametric analysis of the geometries and flow rates for 

each turbulent model in a single simulation. The post processing was focused 

on comparing the simulated differential pressure over 5 corrugation pitches 

and the experimental data.  

CFD Model Results  

To determine the most accurate turbulence model results compared to 

the experimental results, an average error for all of the set flow rates as in 

equation (16). This methodology is similar to the uncertainty analysis 

conducted to get an average weight of the error between the CFD and 

experimental results. 
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𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒𝑠

 (16) 

 

The results were calculated for a Reynolds Number > 2,000 and 

displayed in Table 7 for each of the different corrugated pipes and turbulence 

models. The KE Standard method produced the most accurate pressure loss per 

length measurements for the set flow rates with an average error of 10%. 

Furthermore, the CFD results were also calculated for a range of all flow rates 

that were experimented on including laminar flow presented in Table 14, pg. 

157. The KE Standard method remained the most accurate with an average 

error of 13%. In conclusion, for the 10 tested corrugated pipes with flow rates 

between zero to 200 scfh, the KE Standard model is recommended with an 

average error of ~13% and a maximum error of ~20%.  
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Table 7 — Summary of CFD Turbulence Model Resulting average % error 
for each geometry for Reynolds Number greater than 2,000 

Pipe 
KE 
Std. 

KO 
Std. 

Re 
Stresses 

SST M 
KO 

V2F AKN 
SKE 
L Re 

SSA 
ST W 

KO 
0.25” 

Annuflex 
12.5 34.5 3.7 24.6 23.9 54.3 17.9 22.3 39.8 

0.25” 
Masterflex 

7.8 21.2 13.8 16.8 14.7 32.7 21.5 16.1 25.8 

0.375” 
Annuflex 

15.2  16.9 28.6 10.3 5.7 26.1 36.0 6.2 11.7 

0.375” 
Masterflex 

14.5 29.8 12.4 21.9 22.5 49.0 17.1 28.3 39.4 

0.50” 
Annuflex 

7.5 31.1 7.9 21.8 23.8 44.4 9.6 23.7 32.3 

0.50” 
Masterflex 

11.7 27.8 13.2 21.5 23.7 52.9 17.2 28.8 32.7 

0.75” 
Annuflex 

3.7 24.6 12.5 17.5 18.9 32.8 8.9 22.1 14.3 

0.75” 
Masterflex 

5.9 18.0 11.0 16.9 14.7 41.1 11.1 26.6 34.9 

0.25” 
Titeflex 

12.5 12.5 26.1 8.7 11.5 28.5 36.3 12.9 14.9 

0.375” 
Titeflex 

9.6 14.6 21.7 6.0 6.9 23.3 25.2 10.0 23.5 
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Chapter 5 

Lessons Learned, Conclusions and Future 

Work 

Lessons Learned 

1. Uncertainty analysis can be utilized during all phases of an 

experimental set up: 

a. Preliminary design/concept – determine the significance and 

contribution associated with individual types of measurements 

and their effect on the desired outcome. 

b. Component selection – depending on the analysis above, there is 

a cost associated with the level of precision required for each 

type of measurement. 

c. Experimental debugging – if the measured random standard 

uncertainty is outside of the systematic uncertainty, then there 

is something not understood or captured through your 

experimental set up process (i.e., the data collection system 

recollected a data set if the standard deviation of the differential 

pressure was above a threshold. The random standard 

uncertainty (RSU) should have been calculated (standard 
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deviation of the measurements but divided by the mean of the 

measurements) and compared to the systematic standard 

uncertainty to determine if the measurement was at a steady 

state.) 

d. Reporting uncertainty of results – provide confidence intervals 

of the independent measured results and how the combination 

of those uncertainties propagates through to the result. 

2. State the standard associated with the mass flow rate. For this 

dissertation, the standard was 25°C and 14.696 psia. There are 

different standards and different references which will result in 

different mass flow rates. 

3. Collect instrumented sensors in the most direct and primitive form (i.e. 

unfiltered, unscaled, unprocessed). More likely than not, there will be a 

change in the underlying understanding of the processing of the raw 

data through filtering or various ways to calculate derived 

measurements. If only the derived measurements are recorded, then 

the data would have to be manipulated back to the primitive 

measurements then the new derived measurement process can be 

applied. If the derived measurement was filtered, then the underlying 

data might be permanently lost. 
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4. One test point out of the test matrix should be at the maximum 

capability of the equipment. During test matrix design, look for 

opportunities to increase or decrease resolution between test points. 

For example, Reynolds number vs friction factor is typically plotted on 

a log-log scale and since Reynolds number is a linear function of mass 

flow rate, the mass flow rate input test matrix is better suited to be 

selected on a log scale. 

Conclusions 

This study developed a new method of measuring differential pressure 

per unit length of corrugated pipes of various diameters, geometries, and 

manufacturers. The method was evaluated on 12 different pipes, ten of which 

were corrugated and two that were smooth. Results from the experimental 

apparatus were validated through comparison with theoretical flow loss 

calculations for smooth pipe, having about ~10% deviation from experimental 

correlations in smooth pipes. Experimentation showed that there is a larger 

differential pressure loss in corrugated pipes than smooth pipes of equal inner 

diameter. It also shows that it is much more accurate to model the pipes with 

an equivalent inner diameter than using the outer diameter with an equivalent 

surface roughness equal to the corrugation depth. 
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The developed test apparatus successfully measured differential 

pressure at varying locations on different pipes. The experimental setup 

accommodated both corrugated pipes for new data collection, and smooth 

lines for verification and comparison to theoretical data. Corrugated pipes 

used in this study came from multiple manufacturers, to demonstrate 

universality of this experimental setup.  

A sufficient number of data points were collected to produce an 

accurate differential pressure loss per unit length calculation. A 

comprehensive uncertainty analysis was conducted on the results and the 

relative error for all test scenarios was 20-25%. Transitional Reynolds number 

varied based on inner pipe diameter. For laminar flow, the pipes experienced 

less friction than the standard f = 64/Re due to the corrugation providing a 

fluid blanket.  

This study developed a new method of measuring differential pressure 

per unit length of corrugated pipes of various diameters, geometries, and 

manufacturers. The experimental setup was verified on two EMT pipes and 

then experimentally evaluated on 10 different pipes which were annularly 

corrugated. The corrugated pipes resulted in approximately a 10% deviation 

from experimental correlations in smooth pipes for the laminar flow regime. 

Experimentation resulted in a smaller differential pressure loss in corrugated 
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pipes than smooth pipes of equal inner diameter. The results from the 

experimental apparatus were also validated through comparison to theoretical 

flow loss calculations for smooth pipe and other literature sources.  

The experimental setup was capable of accommodating both 

corrugated lines for new data collection, and smooth lines for verification and 

comparison to theoretical data. Corrugated lines used in this study came from 

multiple manufacturers, to demonstrate the universality of this experimental 

setup. For laminar flow, the pipes experienced less pressure loss, resulting in 

less friction, due to the corrugation pockets providing a fluid blanket. As a rule 

of thumb, for laminar flow in corrugated pipes, the inner diameter should be 

used as the equivalent hydraulic diameter to compare to smooth pipes. A 

conservative estimate on friction factor for laminar flow through corrugated 

pipes would be an equivalent pipe with the minimum diameter of the 

corrugated pipe bounded by the standard laminar correlation of f = 64/Re. 

This remains true until the flow transitions around 1,400 < Re < 1,600 for 

pitch relative to inner diameter ratios between 0.181 to 0.446. An empirical 

correlation using Poiseuille number grouped current tested corrugated lines 

by product type or frequency of corrugation pitch relative to minimum/inner 

diameter.  
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Secondary flow effects with a single two-dimensional bend produce 

such an insignificant increase in pressure loss for laminar and transitional 

flow through corrugated pipes that the recorded values were within our error 

bars for the uncertainty of the experimental setup. 

For the 10 tested corrugated pipes with flow rates between zero to 200 

scfh, the KE Standard turbulence model is recommended with an average 

error of ~13% and a maximum error of ~20%. 

Future Work 

Determining a relationship for the hydraulic diameter as a function of 

pipe geometry (and possibly flow rate). 

Implement Poiseuille correlation for tested annular corrugated pipe 

flow into NASA GFSSP [1] software code. 

Determine critical Reynolds number for transitional limit in a 

corrugated pipe. 

Determining entrance/exit length associated with corrugated pipes. 

Determining flow-induced vibration magnitude and tonal noise 

frequency of corrugated pipe flow.  

High fidelity numerical solution, direct numerical simulation (DNS) of 

pressure loss through corrugated pipes with measured geometric parameters. 
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Appendix A – Experimental Setup 

Picture and Schematic of electrical interface DAQ System 
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Figure 31 — Picture of electrical interface DAQ system 
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Figure 32 — Schematic of electrical interface DAQ system 
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Table 8 — Inner Diameter Measurements (all measurements in inches) 

 
1/4" 

Annuflex 
1/4" 

Masterflex 
3/8" 

Annuflex 
3/8" 

Masterflex 
1/2" 

Annuflex 
1/2" 

Masterflex 
3/4" 

Annuflex 
3/4" 

Masterflex 
1/4" 

Titeflex 
3/8" 

Titeflex 

Port 1 

0.2725 0.2620 0.4215 0.4170 0.5395 0.5290 0.7925 0.7695 0.2440 0.3460 

0.2735 0.2620 0.4200 0.4125 0.5355 0.5285 0.7940 0.7705 0.2430 0.3510 

0.2750 0.2600 0.4220 0.4145 0.5365 0.5275 0.7965 0.7670 0.2435 0.3515 

0.2725 0.2575 0.4185 0.4140 0.5380 0.5275 0.7825 0.7705 0.2425 0.3535 

0.2740 0.2615 0.4205 0.4130 0.5395 0.5260 0.7785 0.7755 0.2420 0.3520 

0.2705 0.2570 0.4200 0.4135 0.5340 0.5285 0.7770 0.7690 0.2425 0.3495 

Port 2 

0.2740 0.2640 0.4210 0.4175 0.5385 0.5255 0.7865 0.7770 0.2430 0.3525 

0.2735 0.2615 0.4205 0.4125 0.5395 0.5225 0.7980 0.7695 0.2420 0.3510 

0.2720 0.2620 0.4195 0.4140 0.5335 0.5235 0.7910 0.7780 0.2425 0.3485 

0.2710 0.2580 0.4225 0.4170 0.5390 0.5235 0.7870 0.7720 0.2430 0.3475 

0.2735 0.2605 0.4215 0.4120 0.5365 0.5235 0.7880 0.7815 0.2435 0.3530 

0.2730 0.2565 0.4210 0.4135 0.5365 0.5245 0.7850 0.7745 0.2430 0.3515 

Port 2* 

0.2730 0.2645 0.4195 0.4170 0.5375 0.5235 0.7875 0.7800 0.2435 0.3450 

0.2745 0.2635 0.4205 0.4140 0.5390 0.5235 0.7885 0.7810 0.2430 0.3495 

0.2720 0.2635 0.4195 0.4140 0.5365 0.5230 0.7990 0.7775 0.2425 0.3535 

0.2735 0.2590 0.4225 0.4140 0.5380 0.5240 0.7840 0.7745 0.2440 0.3480 

0.2720 0.2635 0.4215 0.4145 0.5395 0.5225 0.7900 0.7675 0.2445 0.3520 

0.2725 0.2585 0.4210 0.4145 0.5340 0.5245 0.7835 0.7695 0.2425 0.3470 

Port 3 

0.2730 0.2645 0.4205 0.4145 0.5375 0.5270 0.7865 0.7735 0.2435 0.3505 

0.2740 0.2635 0.4210 0.4150 0.5425 0.5280 0.7900 0.7725 0.2440 0.3435 

0.2730 0.2640 0.4195 0.4155 0.5350 0.5275 0.7955 0.7695 0.2435 0.3485 

0.2715 0.2580 0.4190 0.4155 0.5370 0.5265 0.7820 0.7860 0.2435 0.3475 
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0.2720 0.2635 0.4200 0.4105 0.5380 0.5275 0.7835 0.7720 0.2445 0.3435 

0.2720 0.2580 0.4205 0.4125 0.5370 0.5275 0.7855 0.7815 0.2430 0.3475 

Port 8 

0.2720 0.2625 0.4195 0.4135 0.5355 0.5225 0.7775 0.7695 0.2425 0.3520 

0.2725 0.2645 0.4205 0.4130 0.5385 0.5235 0.7885 0.7725 0.2425 0.3510 

0.2700 0.2615 0.4185 0.4165 0.5360 0.5245 0.7785 0.7635 0.2410 0.3460 

0.2730 0.2640 0.4210 0.4130 0.5390 0.5240 0.7875 0.7715 0.2420 0.3495 

0.2750 0.2620 0.4205 0.4140 0.5385 0.5240 0.7880 0.7730 0.2435 0.3525 

0.2730 0.2580 0.4225 0.4170 0.5340 0.5250 0.7955 0.7740 0.2420 0.3450 

Port 9 

0.2740 0.2590 0.4190 0.4175 0.5365 0.5235 0.7825 0.7780 0.2445 0.3500 

0.2715 0.2580 0.4215 0.4180 0.5395 0.5245 0.7805 0.7695 0.2415 0.3525 

0.2720 0.2590 0.4215 0.4165 0.5350 0.5235 0.7865 0.7755 0.2440 0.3510 

0.2720 0.2580 0.4195 0.4145 0.5375 0.5235 0.7885 0.7780 0.2430 0.3450 

0.2715 0.2615 0.4215 0.4140 0.5400 0.5230 0.7835 0.7700 0.2435 0.3540 

0.2730 0.2610 0.4195 0.4155 0.5365 0.5240 0.7840 0.7730 0.2425 0.3500 

Avg. 0.2727 0.2610 0.4205 0.4146 0.5373 0.5250 0.7870 0.7735 0.2430 0.3495 

Std. 
Dev. 

0.0012 0.0025 0.0011 0.0018 0.0020 0.0020 0.0057 0.0048 0.0008 0.0030 
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Distances between Pressure Ports 

Table 9 — Distances between pressure taps (all measurements in inches) 

Line Name P1 to P2 P1 to P3 P1 to P4 P1 to 
P5 

P1 to P6 P1 to P7 P1 to P8 P1 to P9 P1 to P10 

0.25” Annuflex #3 
12  3/4 25  5/16 

37 
15/16 

50  5/8 63  5/16 
75 

15/16 
88  5/8 101  1/4 

113 
15/16 

0.25” Masterflex 
#4 

11  7/8 
23 

13/16 
35 

13/16 
47  3/4 59  3/4 

71 
11/16 

83 
11/16 

95  5/8 107  5/8 

0.375” Annuflex 
#7 

12  7/8 25  3/4 38  5/8 51  3/8 64  3/4 77  1/8 89  7/8 102  3/4 115  5/8 

0.375” Masterflex 
#8 

12  5/8 25  5/16 
37 

15/16 
51  

9/16 
63  3/16 75  3/4 88  7/16 

101  
1/16 

113 
11/16 

0.50” Annuflex 
#11 

12 
11/16 

25  5/16 
37 

15/16 
50  

9/16 
63  3/16 

75 
13/16 

88  7/8 101 113  5/8 

0.50” Masterflex 
#12 

12  5/8 25  1/4 38 50  3/4 63  3/8 76 88  3/4 
101  

7/16 
114  1/8 

0.75” Annuflex 
#15 

12 
11/16 

25  5/16 37  7/8 
50  

9/16 
63  1/4 75  7/8 88  1/2 101  1/8 

113 
13/16 

0.75” Masterflex 
#16 

12  5/8 25  1/8 37  9/16 50 62  9/16 75 87  1/2 
100  

1/16 
112  5/8 

0.25” Titeflex #17 12  9/16 25  1/32 37  9/16 50  1/8 62 23/32 75  9/32 87  7/8 100 1/2 113  1/8 
0.375” Titeflex 

#18 
12  5/8 25  1/4 37  7/8 50  1/2 63  1/4 75  7/8 88  3/8 

101  
1/16 

113  3/4 

0.625” EMT #19 
12 24 36 48 60 72 84 

95 
15/16 

N/A 

0.825” EMT #20 12 24 36 48 60 72 84 96 N/A 
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Port Manifold Detail Examples 

 

 

Figure 33 — Picture of port manifold system to direct static ports to 
differential pressure transducer 
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Figure 34 — Example 1: Using three-way valves to select Port 1 as high 
pressure and Port 3 as low pressure 
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Figure 35 — Example 2: Using three-way valves to select Port 2 as high 
pressure and Port 4 as low pressure 
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Figure 36 — Picture of automated valve switching system 
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Appendix B – Uncertainty Analysis 

Introduction 

Uncertainty analysis provides a confidence interval associated with a 

measurement. This interval is representative of the distribution of 

measurements in relation to the true value of a measurement. Uncertainty can 

be reported as a percentage of the mean measurement (12 inches +/- 0.52%) 

or a bias range (i.e., 12 inches +/- 0.0625 inches) and can be converted 

between the two. For example, by taking the mean measured value and 

dividing by the bias range to obtain the percentage of the mean measurement, 

namely 0.52% = (12 inches / 0.0625 inches). The percentage of the mean 

measurement is easier to read and understand the scale of the uncertainty of 

the measurement (especially when comparing the magnitude of different 

uncertainties) while the bias range is used in the calculations and propagation 

of individual fixed bias errors into data reduction equations. 

Using methodology described by Coleman and Steele [88], a 95% 

confidence interval was used to determine the uncertainty for all 

measurements and data reduction equations presented. Equation (17) 
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quantifies the general uncertainty of any result, r, where Bx are the individual 

systematic errors (SSU) and Px are the random error (RSU) effects.  

 
(
𝑈𝑟
𝑟
)
2

=∑{(
𝜕𝑟

𝜕𝑋𝑖
)
2

𝐵𝑖
2}

𝐽

𝑖=1

+ 2∑ ∑ {(
𝜕𝑟

𝜕𝑋𝑖
) (
𝜕𝑟

𝜕𝑋𝑘
) [𝐵𝑖𝐵𝑘]𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑}

𝐽

𝑘=𝑖+1

𝐽−1

𝑖=1

+∑{(
𝜕𝑟

𝜕𝑋𝑖
)
2

𝑃𝑖
2}

𝐽

𝑖=1

+ 2∑ ∑ {(
𝜕𝑟

𝜕𝑋𝑖
) (
𝜕𝑟

𝜕𝑋𝑘
) [𝑃𝑖𝑃𝑘]𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑}

𝐽

𝑘=𝑖+1

𝐽−1

𝑖=1

 

(17) 

 

An example of a governing equation (18) determines the average 

differential pressure per unit length of a given pipe where n is the number 

different port lengths tested, ΔPn is the differential pressure measurement and 

Δdn is the length measurement between port locations. This averaged result is 

then used to calculate the friction factor of a corrugated pipe. 

 
𝑟1 ≝ (

∆𝑃

𝐿
)
𝐴𝑣𝑔

= 
1

𝑁
∑(

∆𝑃𝑛
𝑑𝑛
)

𝑁

𝑛=1

 (18) 

 
𝑟2 ≝  𝑓 = (

∆𝑃

𝐿
)
𝐴𝑣𝑔
 
𝜌𝜋2𝐷5

8𝑚̇2
 

(19) 

 
𝑟3 ≝  𝑅𝑒 =  

4𝑚̇

𝜋𝐷𝜇
 

(20) 
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Elemental Bias Sources 

From ISO guide and book [Eq. 5.16] to the expression of Uncertainty 

and Measurements [107], uX is found from the combination of all the standard 

elemental uncertainties as described in equation (21): 

 
(𝑢𝑋)

2 = (𝑢1)
2 + (𝑢2)

2 + (𝑢3)
2 + (𝑢4)

2 + (𝑢5)
2 

(21) 

Examples of systematic uncertainty include calibration, data 

acquisition, data reduction and conceptual errors. The systematic uncertainty 

of the independent variables (diameter, differential pressure, distance 

between static ports, dynamic viscosity, and mass flow rate) described below: 

Inner Diameter 

An email correspondence provided the minimum and maximum 

tolerances for the inner diameter of the corrugated pipes outlined in Table 10 

and an example of how to convert the systematic standard uncertainty as a 

percentage of the mean with equation (22): 

 
𝑆𝑆𝑈𝐼𝐷 = 

𝑇𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒𝐼𝐷
𝑀𝑒𝑎𝑛𝐼𝐷

∗ 100% 
(22) 
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Table 10 — Inner Diameter Systematic Standard Uncertainty (SSU) 

Pipe ID (mm) ID (in) ID Tolerance (in) ID SSU 

Annuflex 

6.35 (¼”) 6.883 0.271 0.007 2.58% 

9.53 (3/8”) 10.668 0.420 0.01 2.38% 

12.70 (½”) 13.538 0.533 0.01 1.88% 

19.05 (¾”) 19.888 0.783 0.01 1.28% 

Masterflex 

6.35 (¼”) 6.604 0.26 0.007 2.69% 

9.53 (3/8”) 10.643 0.419 0.01 2.39% 

12.70 (½”) 13.462 0.53 0.01 1.89% 

19.05 (¾”) 19.634 0.773 0.01 1.29% 

Titeflex10 

6.35 (¼”) 5.842 0.23 0.007 3.04% 

9.53 (3/8”) 8.636 0.34 0.01 2.94% 

 

Differential Pressure Transducers 

Table 11 — Differential Pressure Transducers 

Differential 
Pressure 

Transducer  

Scale Factor 
(in. H2O/V) 

Linearity 
(% of full 

scale) 

Range (in. 
H2O) 

Voltage 
Output 

(V) 

PX654-0.05BD5V 0.025 0.3% +/- 0.05 1-5 
PX654-0.5D5V 0.125 0.3% 0-0.5 1-5 
PX654-5D5V 1.125 0.3% 0-5 1-5 

PX653-50D5V 12.5 0.3% 0-50 1-5 
PX656-200DI 50 0.3% 0-200 1-5 

 

10 ID values taken from catalog and ID tolerances assumed to be the same even 

with a different manufacturer 
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The overall bias (𝑏∆𝑃𝑛) associated with measuring differential pressure 

using equation (21) with elemental sources from the pressure transducer 

itself, data acquisition and installation effects (assuming 1% for each of the 

following: angle misalignment, depth of needle in flow, swaying of needle 

during testing). First, the systematic standard uncertainty associated with only 

the pressure transducer is shown in Figure 37. Note: The spiking nature of the 

uncertainty represents the different ranges of the individual pressure 

transducers – the discontinuity happens between the sensors. 
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Figure 37 — Systematic Standard Uncertainty for the Differential 
Pressure Transducers over the measuring range 

Second, the bias associated with the Data Acquisition System (16-bit 

resolution, -10 V to 10 V analog inputs) yields a bias of 20 V / 2^16 = 0.000305 

V. The systematic standard uncertainty associated with only the DAQ is shown 

in Figure 38. Note: Similar to the previous plot, the spiking nature of the 

uncertainty represents the different ranges of the individual pressure 

transducers – the discontinuity happens between the sensors. 
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Figure 38 — Systematic Standard Uncertainty for the DAQ of the 
Differential Pressure Transducers over the measuring range 

Finally, the installation effects were considered. The pressure 

transducer installation bias was estimated by needle angle with respect to 

nominal axial flow direction. Assuming 2° misalignment, due to either non-

vertical installation or due to non-straightness of the needles themselves, for 

both needles at location n and m, as well as any potential movement of the 

needles due to flow resonance or vortices, the relative bias of these combined 

effects was estimated as 1%. Combination of elemental sources by (21), 
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yielding a maximum worst case relative bias for the differential pressure 

readings of 0.03162 or 3.162%. The total systematic standard uncertainty 

over the measurement range is shown in Figure 39. 

 

Figure 39 — Combined Systematic Standard Uncertainty for the 
Differential Pressure Transducers over the range 

Distance between Static Pressure Ports  

The bias associated with distance between the holes used for the 

installation of the static pressure port needles (𝑏𝑑𝑛) include the 1/16” bias of 
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the tape measure used to verify distance between the ports, as well as the 

biases associated with installation.  

 

Figure 40 — Cross sectional CAD for the static pressure port holder 
with exaggerated outline of the needle in a bent configuration 

The following distance installation error effects were considered and 

estimated (see Figure 40):  

1. Linear needle offset: a potential installation error associated with 

locating the needles on the incorrect corrugation peak. This error is 

taken as identically zero because needle holes were verified to be 

located on the properly identified corrugation peak. 

2. Linear needle offset due to needle installation angle: Assuming 10° 

installation angle offset from vertical, with a needle length of 15.24 mm 

(0.6”) would yield a bias of 2.67 mm (0.105”). 
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3. Needle straightness. Assuming the pipe contains two arc-lengths with a 

maximum centerline deviation of 6.35 mm (0.25”) over a 317.5 mm 

(12.5”) span, would yield a bias of (arc-length – original length) = 

318.85 mm – 317.5 mm (12.553”-12.5”) = 1.35 mm (0.053”). 

4. Needle concentricity with corresponding installation hole: the hole size 

was drilled to 1.19 mm (3/64”, 0.046875”) while the needle OD is 0.711 

mm (0.028”). The range would then be: 1.19 mm-0.711 mm = 0.0479 

mm (0.046875”- 0.028” = 0.019”) or 0.00 mm ± 0.241 mm (0.000” 

±0.0095”). The smallest distance being 304.8 mm (12.000”) in between 

holes would give a biased of 0.241 mm*2 holes = 0.482 mm (0.0095” *2 

holes = 0.019”). 

The biased associated with installation effects would yield an 

installation bias of 3.03 mm (0.1191”) and the total systematic standard 

uncertainty associated with the distance between pressure ports is 𝑏𝑑𝑛  = 3.13 

mm (0.1232”). 

This bias was used for all distance combinations between needles, 

however the larger the distance between the needles there less error. For 

example, a differential pressure measurement between two needles will 

comprise of the static pressure and dynamic pressure. This dynamic pressure 

term is an error induced through the angle of the needles not being perfectly 
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perpendicular to the stream. The relative amount of influence of this error 

term to the overall reading decreases with increasing distance between the 

needles. The authors used data associated with the largest needle separation 

distances to determine friction loss factors to reduce this bias. 

Dynamic Viscosity 

The systematic standard uncertainty associated with the dynamic 

viscosity was assumed to be 1.5%. A conservative estimate was accounted for 

by approximating the minimum and maximum range that the dynamic 

viscosity over the range of environmental temperatures and pressures. 

Mass Flow Rate 

Both mass flow controllers (MC20 and MCH100) had an elemental bias 

of ±0.8% of reading +0.2% of full scale. This results in a systematic standard 

uncertainty over the control range as follows: 
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Figure 41 — Systematic Standard Uncertainty for the Mass Flow Rate 
Controllers over their range 

Systematic Correlated Bias 

Systematic correlated bias, as in Hudson [108], appears when several 

measurements are taken with the same instrument, or several instruments 

calibrated with respect to the same standard. An example provided by Brown 

[106] is when multiple pressures are sequentially ported (rake) to the same 

transducer as its traversed across a flow field. For these studies, only the first 
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result (r1) included systematic correlated bias (the rest of the correlated bias 

terms were assumed to be zero). For the first result, assume that the following 

pairs of bias terms are perfectly correlated: ∆𝑃𝑛 𝑤𝑖𝑡ℎ 𝑎𝑙𝑙 𝑜𝑡ℎ𝑒𝑟 ∆𝑃𝑛 when the 

same differential pressure transducer is used for reading the measurement 

and all 𝑑𝑛′𝑠 with all other 𝑑𝑛′𝑠. The other terms are not assumed to not be 

correlated (∆𝑃𝑛 𝑤𝑟𝑡.  𝑑𝑛′𝑠). 

Using Coleman and Steele [88], Eq. 5.17, p. 145, the number of 

elemental error sources that are common is one for both delta pressure 

measurement and distance measured the correlated bias error for differential 

pressure is given by equation (23) and for distance by equation (24). 

 
𝑏∆𝑃𝑛∆𝑃𝑚
2 = (𝑏∆𝑃𝑛)(𝑏∆𝑃𝑚) (23) 

 
𝑏𝑑𝑛𝑑𝑚
2 = (𝑏𝑑𝑛)(𝑏𝑑𝑚) (24) 

Note that the above can (and should) be completed during the planning 

phase of an experimental set up to possibly identify major sources or 

contributors to the systematic uncertainty. 

Since the systematic standard uncertainty associated with the distance 

measurement is so low, the correlated bias effects associated with the 

distances are also negligible. Alternatively, the pressure transducer correlated 

bias errors approximately accounted for 50% of the overall bias in result 1. 
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Random Standard Uncertainty (RSU) 

The random standard uncertainty associated with a particular 

confidence level can be determined using a coverage factor. If enough samples 

are taken, the central limit theorem shows that the error distribution of a 

measurement will approach a Gaussian distribution. This allows one to use the 

t-distribution for a lower number of samples (or degrees of freedom) in 

determining the factor to multiply the combined standard uncertainty by 

determining the overall uncertainty of a result. For most engineering 

applications, the large-sample approximation is used and for a 95% confidence 

interval, the factor is 2*standard deviation of measurements collected. 

For the data collected, the quantity of mass flow rate measurements 

averaged around 30 samples (degrees of freedom) per run and the t-

distribution was programmed and used while the quantity of differential 

pressure measurements (roughly 300 per sample) allowed for the large-

sample approximation to be used. The random standard uncertainty for inner 

diameter, distance between ports, dynamic viscosity was all assumed to be 

zero. For the average differential pressure per length, the degrees of freedom 

varied from 3-9 depending on the data analysis and if there was an error 

associated with a particular needle.  
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Expanded Uncertainty (EU) (Revised Bias Equation) 

The overall expanded uncertainty is given by: 
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(25) 
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) [𝑃𝑖𝑃𝑘]𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑}

𝐽

𝑘=𝑖+1

𝐽−1

𝑖=1

] 

(26) 

where: 
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 𝜕𝑅𝑒

𝜕𝑚̇
=  

4

𝜋𝐷𝜇
 

𝜕𝑅𝑒

𝜕𝐷
=  
−4𝑚̇

𝜋𝐷2𝜇
 

𝜕𝑅𝑒

𝜕𝜇
=  
−4𝑚̇

𝜋𝐷𝜇2
 

(27) 

 

 
(
𝑈𝑅𝑒
𝑅𝑒
)
2

= [(
𝐵𝑚̇
𝑚̇
)
2

+ (−
𝐵𝐷
𝐷
)
2

+ (−
𝐵𝜇

𝜇
)
2

− 2
[𝐵𝑚̇𝐵𝐷]𝑐𝑜𝑟𝑟
𝑚̇ ∗ 𝐷

− 2
[𝐵𝑚̇𝐵𝜇]𝑐𝑜𝑟𝑟
𝑚̇ ∗ 𝜇

+ 2
[𝐵D𝐵𝜇]𝑐𝑜𝑟𝑟
D ∗ 𝜇

+ (
𝑃𝑚̇
𝑚̇
)
2

+ (−
𝑃𝐷
𝐷
)
2

+ (−
𝑃𝜇

𝜇
)
2

− 2
[𝑃𝑚̇𝑃𝐷]𝑐𝑜𝑟𝑟
𝑚̇ ∗ 𝐷

− 2
[𝑃𝑚̇𝑃𝜇]𝑐𝑜𝑟𝑟
𝑚̇ ∗ 𝜇

+ 2
[𝑃D𝑃𝜇]𝑐𝑜𝑟𝑟
D ∗ 𝜇

] 

(28) 
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(𝑈𝑓)
2
= [(

𝜕𝑓

𝜕∆𝑃
)
2

𝐵∆𝑃
2 + (

𝜕𝑓

𝜕L
)
2

𝐵L
2 + (

𝜕𝑓

𝜕𝜌
)
2

𝐵𝜌
2 + (

𝜕𝑓

𝜕D
)
2

𝐵𝐷
2

+ (
𝜕𝑓

𝜕𝑚̇
)
2

𝐵𝑚̇
2

+ 2∑ ∑ {(
𝜕𝑟

𝜕𝑋𝑖
) (
𝜕𝑟

𝜕𝑋𝑘
) [𝐵𝑖𝐵𝑘]𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑}

𝐽

𝑘=𝑖+1

𝐽−1

𝑖=1

+ (
𝜕𝑓

𝜕∆𝑃
)
2

𝑃∆𝑃
2 + (

𝜕𝑓

𝜕L
)
2

𝑃L
2 + (

𝜕𝑓

𝜕𝜌
)
2

𝑃𝜌
2 + (

𝜕𝑓

𝜕D
)
2

𝑃𝐷
2

+ (
𝜕𝑓

𝜕𝑚̇
)
2

𝑃𝑚̇
2

+ 2∑ ∑ {(
𝜕𝑟

𝜕𝑋𝑖
) (
𝜕𝑟

𝜕𝑋𝑘
) [𝑃𝑖𝑃𝑘]𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑}

𝐽

𝑘=𝑖+1

𝐽−1

𝑖=1

] 

(29) 

  

where: 

 
(
𝜕𝑓

𝜕∆𝑃
) =  

𝜋2𝜌𝐷5

8L𝑚̇2
 

(
𝜕𝑓

𝜕L
) = − 

𝜋2∆𝑃𝜌𝐷5

8𝐿2𝑚̇2
 

(
𝜕𝑓

𝜕𝜌
) =  

𝜋2∆𝑃𝐷5

8L𝑚̇2
 

(
𝜕𝑓

𝜕D
) =  

𝜋25∆𝑃𝜌𝐷4

8𝐿𝑚̇2
 

(30) 
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(
𝜕𝑓

𝜕𝑚̇
) = − 

𝜋2∆𝑃𝜌𝐷5

4𝐿𝑚̇3
  

 

 

 
(
𝑈𝑓

𝑓𝐴𝑣𝑔
)

2

= [ (
𝐵∆𝑃
∆𝑃
)
2

+ (−
𝐵𝐿
𝐿
)
2

+ (
𝐵𝜌

𝜌
)
2

+ (5
𝐵𝐷
𝐷
)
2

+ (−
𝐵𝑚̇
𝑚̇
)
2

− 2
[𝐵∆𝑃𝐵𝐿]𝑐𝑜𝑟𝑟
∆𝑃 ∗ 𝐿

+ 2
[𝐵∆𝑃𝐵𝜌]𝑐𝑜𝑟𝑟
∆𝑃 ∗ 𝜌

+ 2

∗ 5
[𝐵∆𝑃𝐵𝐷]𝑐𝑜𝑟𝑟
∆𝑃 ∗ 𝐷

− 2
[𝐵∆𝑃𝐵𝑚̇]𝑐𝑜𝑟𝑟
∆𝑃 ∗ 𝑚̇

− 2
[𝐵𝐿𝐵𝜌]𝑐𝑜𝑟𝑟
𝐿 ∗ 𝜌

+ 2

∗ 5
[𝐵𝐿𝐵𝐷]𝑐𝑜𝑟𝑟
𝐿 ∗ 𝐷

+ 2
[𝐵𝐿𝐵𝑚̇]𝑐𝑜𝑟𝑟
𝐿 ∗ 𝑚̇

+ 2 ∗ 5
[𝐵𝜌𝐵𝐷]𝑐𝑜𝑟𝑟
𝜌 ∗ 𝐷

− 2
[𝐵𝜌𝐵𝑚̇]𝑐𝑜𝑟𝑟
𝜌 ∗ 𝑚̇

− 2 ∗ 5
[𝐵𝐷𝐵𝑚̇]𝑐𝑜𝑟𝑟
𝐷 ∗ 𝑚̇

+ (
𝑃∆𝑃
∆𝑃
)
2

+ (−
𝑃𝐿
𝐿
)
2

+ (
𝑃𝜌

𝜌
)
2

+ (5
𝑃𝐷
𝐷
)
2

+ (−
𝑃𝑚̇
𝑚̇
)
2

− 2
[𝑃∆𝑃𝑃𝐿]𝑐𝑜𝑟𝑟
∆𝑃 ∗ 𝐿

+ 2
[𝑃∆𝑃𝑃𝜌]𝑐𝑜𝑟𝑟
∆𝑃 ∗ 𝜌

+ 2 ∗ 5
[𝑃∆𝑃𝑃𝐷]𝑐𝑜𝑟𝑟
∆𝑃 ∗ 𝐷

− 2
[𝑃∆𝑃𝑃𝑚̇]𝑐𝑜𝑟𝑟
∆𝑃 ∗ 𝑚̇

− 2
[𝑃𝐿𝑃𝜌]𝑐𝑜𝑟𝑟
𝐿 ∗ 𝜌

+ 2 ∗ 5
[𝑃𝐿𝑃𝐷]𝑐𝑜𝑟𝑟
𝐿 ∗ 𝐷

+ 2
[𝑃𝐿𝑃𝑚̇]𝑐𝑜𝑟𝑟
𝐿 ∗ 𝑚̇

+ 2 ∗ 5
[𝑃𝜌𝑃𝐷]𝑐𝑜𝑟𝑟
𝜌 ∗ 𝐷

− 2
[𝑃𝜌𝑃𝑚̇]𝑐𝑜𝑟𝑟
𝜌 ∗ 𝑚̇

− 2 ∗ 5
[𝑃𝐷𝑃𝑚̇]𝑐𝑜𝑟𝑟
𝐷 ∗ 𝑚̇

] 

(31) 
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Figure 42 — Plot of expanded uncertainty of friction factor for smooth 
EMT lines 
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Figure 43 — Plot of expanded uncertainty of Reynolds number for 
smooth EMT lines 
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Figure 44 — Expanded Uncertainty for Friction Factor for tested 
corrugated pipes 
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Figure 45 — Expanded Uncertainty for Reynolds Number for tested 
corrugated pipes 
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Appendix C – Plots of Results 

 

 

Figure 46 — 0.25” Annuflex Experimental Results 
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Figure 47 — 0.25” Masterflex Experimental Results 

 

Figure 48 — 0.375” Annuflex Experimental  Results 
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Figure 49 — 0.375” Masterflex Experimental Results 

 

Figure 50 — 0.50” Annuflex Experimental Results 
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Figure 51 — 0.50” Masterflex Experimental Results 

 

Figure 52 — 0.75” Annuflex Experimental Results 
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Figure 53 — 0.75” Masterflex Experimental Results 

 

Figure 54 — 0.25” Titeflex Experimental Results 
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Figure 55 — 0.375” Titeflex Experimental Results 
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Appendix D – Tables of Results 

Additional Tables of Individual Pipes 

Table 12 — Final results of differential pressure per unit length (psi/in) (rows) at various flow rates 
(columns) for all pipes 

Line Name 10 20 30 40 50 60 70 80 90 100 

0.25” Annuflex #3 2.23E-04 7.09E-04 1.58E-03 2.79E-03 3.12E-03 5.89E-03 7.95E-03 1.04E-02 1.31E-02 2.23E-04 

0.25” Masterflex #4 1.95E-04 5.47E-04 1.07E-03 1.83E-03 2.12E-03 5.47E-03 7.68E-03 1.01E-02 1.26E-02 1.95E-04 

0.375” Annuflex #7 2.79E-05 1.21E-04 2.78E-04 5.02E-04 7.57E-04 1.09E-03 1.59E-03 2.13E-03 2.66E-03 2.79E-05 

0.375” Masterflex #8 1.66E-05 3.93E-05 1.39E-04 2.28E-04 3.82E-04 5.32E-04 7.03E-04 9.04E-04 1.11E-03 1.66E-05 

0.50” Annuflex #11 5.94E-06 1.35E-05 3.79E-05 6.84E-05 1.03E-04 1.45E-04 1.97E-04 2.64E-04 3.37E-04 5.94E-06 

0.50” Masterflex #12 5.88E-06 1.54E-05 3.19E-05 1.09E-04 1.13E-04 1.61E-04 2.10E-04 2.70E-04 3.35E-04 5.88E-06 

0.75” Annuflex #15 1.52E-06 2.42E-06 3.73E-06 8.96E-06 1.58E-05 2.18E-05 2.95E-05 3.80E-05 4.67E-05 1.52E-06 

0.75” Masterflex #16 1.80E-06 3.84E-06 5.72E-06 8.68E-06 2.00E-05 2.94E-05 3.94E-05 5.01E-05 6.18E-05 1.80E-06 

0.25” Titeflex #17 2.39E-04 1.02E-03 2.27E-03 4.34E-03 5.86E-03 8.71E-03 1.17E-02 1.54E-02 1.83E-02 2.39E-04 

0.375” Titeflex #18 2.60E-05 1.22E-04 2.46E-04 5.44E-04 6.00E-04 8.15E-04 1.04E-03 1.36E-03 1.74E-03 2.60E-05 
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0.625” EMT #19 3.13E-06 5.68E-06 8.12E-06 1.02E-05 1.16E-05 1.36E-05 3.90E-05 5.05E-05 6.25E-05 3.13E-06 

0.825” EMT #20 9.29E-07 1.82E-06 2.55E-06 3.09E-06 3.15E-06 3.75E-06 3.57E-06 9.50E-06 1.44E-05 9.29E-07 

 

 

Line Name 110 120 130 140 150 160 170 180 190 200 

0.25” Annuflex #3 1.56E-02 1.82E-02 2.11E-02 2.30E-02 2.56E-02 2.81E-02 3.08E-02 3.34E-02 3.65E-02 4.05E-02 

0.25” Masterflex #4 1.64E-02 1.94E-02 2.26E-02 2.60E-02 2.94E-02 3.27E-02 3.60E-02 3.89E-02 4.24E-02 4.61E-02 

0.375” Annuflex #7 3.41E-03 4.20E-03 4.94E-03 5.92E-03 6.81E-03 7.80E-03 8.97E-03 9.95E-03 1.10E-02 1.20E-02 

0.375” Masterflex #8 1.34E-03 1.60E-03 1.88E-03 2.20E-03 2.55E-03 2.93E-03 3.37E-03 3.83E-03 4.33E-03 4.81E-03 

0.50” Annuflex #11 4.25E-04 5.18E-04 5.81E-04 7.35E-04 9.03E-04 1.06E-03 1.23E-03 1.37E-03 1.53E-03 1.72E-03 

0.50” Masterflex #12 4.08E-04 4.86E-04 5.70E-04 6.60E-04 7.54E-04 9.39E-04 1.07E-03 1.19E-03 1.33E-03 1.48E-03 

0.75” Annuflex #15 5.63E-05 6.69E-05 7.83E-05 9.23E-05 1.07E-04 1.24E-04 1.40E-04 1.60E-04 1.79E-04 2.06E-04 

0.75” Masterflex #16 7.47E-05 8.88E-05 1.04E-04 1.20E-04 1.37E-04 1.46E-04 1.63E-04 1.82E-04 2.03E-04 2.24E-04 

0.25” Titeflex #17 2.24E-02 2.59E-02 2.97E-02 3.20E-02 3.66E-02 4.25E-02 4.79E-02 5.26E-02 5.65E-02 6.00E-02 

0.375” Titeflex #18 2.33E-03 2.90E-03 3.59E-03 4.23E-03 5.08E-03 5.85E-03 6.70E-03 7.63E-03 8.64E-03 9.42E-03 

0.625” EMT #19 7.52E-05 8.88E-05 1.03E-04 1.18E-04 1.34E-04 1.51E-04 1.67E-04 1.83E-04 1.96E-04 2.12E-04 
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0.825” EMT #20 1.78E-05 2.14E-05 2.52E-05 2.91E-05 3.32E-05 3.76E-05 4.21E-05 4.67E-05 5.15E-05 5.67E-05 

 

 

Table 13 — Uncertainty of differential pressure per unit length (psi/in) (rows) at various flow rates 
(columns) 

Line Name 10 20 30 40 50 60 70 80 90 100 

0.25” Annuflex #3 1.07E-10 1.42E-09 6.02E-09 1.8E-08 2.23E-08 8.44E-08 1.79E-07 3.02E-07 5.98E-07 8.49E-07 

0.25” Masterflex #4 9.12E-11 8.71E-10 4.46E-09 9.04E-09 1.99E-08 7.54E-08 1.71E-07 2.94E-07 5.63E-07 9.36E-07 

0.375” Annuflex #7 2.68E-12 5.07E-11 1.85E-10 8.36E-10 1.91E-09 4.03E-09 8.43E-09 1.53E-08 4.27E-08 5.62E-08 

0.375” Masterflex #8 9.6E-13 3.28E-12 6.74E-11 1.16E-10 3.2E-10 6.62E-10 1.33E-09 2.86E-09 4.33E-09 6.31E-09 

0.50” Annuflex #11 1.37E-13 4.98E-13 3.18E-12 1.16E-11 3.05E-11 5.81E-11 8.44E-11 1.43E-10 2.35E-10 3.98E-10 

0.50” Masterflex #12 1.25E-13 8.29E-13 2.12E-12 2.64E-11 3.63E-11 9E-11 9.07E-11 1.5E-10 2.32E-10 3.63E-10 

0.75” Annuflex #15 4.34E-14 8.4E-14 6.29E-14 3.1E-13 6.69E-13 1.01E-12 1.85E-12 3.33E-12 5E-12 8.18E-12 

0.75” Masterflex #16 7.27E-14 1.12E-13 1.64E-13 3.01E-13 9.06E-13 1.89E-12 3.47E-12 6.1E-12 9.23E-12 1.56E-11 

0.25” Titeflex #17 2.16E-10 3.69E-09 1.26E-08 4.11E-08 8.46E-08 2.18E-07 4.82E-07 8.22E-07 1.16E-06 1.74E-06 

0.375” Titeflex #18 1.44E-12 5.38E-11 1.34E-10 7.58E-10 1.19E-09 2.35E-09 3.79E-09 5.31E-09 8.37E-09 1.18E-08 

0.625” EMT #19 2.95E-08 2.95E-08 2.95E-08 2.95E-08 2.95E-08 2.95E-08 2.95E-08 2.95E-08 2.95E-08 2.95E-08 
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0.825” EMT #20 2.95E-08 2.95E-08 2.95E-08 2.95E-08 2.95E-08 2.95E-08 3.01E-08 2.95E-08 2.95E-08 2.95E-08 

 

Line Name 110 120 130 140 150 160 170 180 190 200 

0.25” Annuflex #3 1.16E-06 1.54E-06 1.83E-06 2.27E-06 2.73E-06 3.26E-06 3.85E-06 4.6E-06 5.67E-06 6.36E-06 

0.25” Masterflex #4 1.31E-06 1.77E-06 2.35E-06 2.98E-06 3.69E-06 4.49E-06 5.24E-06 6.23E-06 7.36E-06 8.46E-06 

0.375” Annuflex #7 7.77E-08 1.04E-07 1.4E-07 1.75E-07 2.24E-07 2.88E-07 3.48E-07 4.22E-07 4.92E-07 5.66E-07 

0.375” Masterflex #8 8.92E-09 1.07E-08 1.15E-08 1.43E-08 1.83E-08 2.42E-08 3.15E-08 4.04E-08 4.97E-08 6.75E-08 

0.50” Annuflex #11 6.64E-10 8.34E-10 1.54E-09 2.33E-09 3.2E-09 5.2E-09 6.03E-09 7.36E-09 8.72E-09 1.06E-08 

0.50” Masterflex #12 5.78E-10 7.97E-10 1.25E-09 1.63E-09 2.64E-09 3.88E-09 4.5E-09 6.16E-09 6.9E-09 8.07E-09 

0.75” Annuflex #15 1.15E-11 1.84E-11 2.53E-11 3.43E-11 4.55E-11 4.44E-11 5.5E-11 7.43E-11 8.82E-11 1.11E-10 

0.75” Masterflex #16 2.19E-11 3.75E-11 4.97E-11 6.52E-11 7.5E-11 9.26E-10 9.23E-10 9.42E-10 2.19E-09 3.77E-09 

0.25” Titeflex #17 2.32E-06 3.06E-06 3.54E-06 4.62E-06 6.23E-06 7.93E-06 9.57E-06 1.11E-05 1.25E-05 1.52E-05 

0.375” Titeflex #18 1.88E-08 3.12E-08 4.28E-08 6.94E-08 9.11E-08 1.18E-07 1.8E-07 2.3E-07 2.72E-07 3.46E-07 

0.625” EMT #19 2.95E-08 2.95E-08 2.95E-08 2.95E-08 2.95E-08 2.96E-08 2.95E-08 2.96E-08 2.96E-08 2.96E-08 

0.825” EMT #20 2.95E-08 2.95E-08 2.95E-08 2.95E-08 2.95E-08 2.95E-08 2.95E-08 2.95E-08 2.95E-08 2.95E-08 
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Appendix E – Plots of CFD Results 

 

Figure 56 — CFD compared to experimental results for 0.25” Annuflex 
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Figure 57 — CFD compared to experimental results for 0.25” 
Masterflex 
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Figure 58 — CFD compared to experimental results for 0.375” Annuflex 
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Figure 59 — CFD compared to experimental results for 0.375” 
Masterflex 
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Figure 60 — CFD compared to experimental results for 0.50” Annuflex 
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Figure 61 — CFD compared to experimental results for 0.50” 
Masterflex 
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Figure 62 — CFD compared to experimental results for 0.75” Annuflex 
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Figure 63 — CFD compared to experimental results for 0.75” 
Masterflex 
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Figure 64 — CFD compared to experimental results for 0.25” Titeflex 

 

 

Figure 65 — CFD compared to experimental results for 0.375” Titeflex 

 



 

157 

Table 14 — Summary of CFD Turbulence Model Resulting average % 
error for each geometry over all flow rates 

Pipe 
KE 
Std. 

KO 
Std. 

Re 
Stresses 

SST 
M KO 

V2F AKN 
SKE 
L Re 

SSA 
ST W 

KO 
0.25” 

Annuflex 
12.5 24.3 3.6 17.2 18.3 36.2 16.1 17.2 29.0 

0.25” 
Masterflex 

7.5 16.0 11.7 14.0 11.9 24.2 19.1 12.9 20.6 

0.375” 
Annuflex 

20.7 17.4 22.8 14.2 12.1 20.6 26.0 11.1 13.3 

0.375” 
Masterflex 

11.7 18.1 9.2 13.8 15.7 30.2 16.9 17.5 25.6 

0.50” 
Annuflex 

8.7 17.1 6.7 13.2 14.7 25.0 11.4 13.7 19.7 

0.50” 
Masterflex 

10.3 15.5 9.5 14.3 15.1 30.0 18.2 15.0 19.7 

0.75” 
Annuflex 

6.5 12.7 10.0 11.5 12.6 19.5 10.3 11.7 10.8 

0.75” 
Masterflex 

22.5 26.6 27.3 26.5 28.5 38.6 27.3 30.4 32.7 

0.25” 
Titeflex 

14.5 12.0 21.2 8.7 10.8 22.1 27.7 12.1 12.0 

0.375” 
Titeflex 

11.7 11.8 14.1 5.9 5.7 14.5 16.5 8.0 15.0 
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