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ESDU DATA ITEMS
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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
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government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

ESDU TECHNICAL NOTES

Technical Notes typically provide supporting information that assisted in the development of ESDU Data Items
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ESDU TN 08009
CFD VALIDATION STUDIES FOR TRANSITIONAL FLOW IN CIRCULAR 
STRAIGHT PIPES WITH SMOOTH WALLS

1. NOTATION AND UNITS

SI Unit

pipe cross-sectional area m2

pipe internal diameter m

friction factor, defined in Equation (3.4), also termed Fanning friction factor –

kinetic-energy velocity-profile factor, defined in Equation (3.5) –

momentum velocity-profile factor, defined in Equation (3.6) –

non-dimensional additional entrance pressure drop (Sketch 3.5),  defined in 
Equation (3.2) 

–

non-dimensional additional (negative) pressure drop in the turbulent section, 
defined in Sketch 5.1

–

non-dimensional pressure drop between pipe entrance and fully-developed 
flow axial location, defined in Sketch 5.1

–

pipe length m

pipe length required to reach fully-developed flow (Section 3.2.1) m

pipe length required to reach constant pressure gradient (Section 3.2.2) m

mass flow rate kg/s

static pressure Pa

pipe internal radius m

pipe radial coordinate m

pipe Reynolds number, defined as  –

momentum-thickness Reynolds number, defined as –

transition-onset momentum-thickness Reynolds number –

local axial velocity m/s

non-dimensional local axial velocity, defined as –

A

D

f

JKE

JM

Ken

Ken ,t

Ken ,tot

L

Ld

Lp

m

p

R

r

Re Re umeanD/ν=

Reθ Reθ θ u∞/ν=

Reθ t

u

u+ u+ u/uτ=
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ESDU TN 08009
non-dimensional local turbulence intensity –

local axial centre-line velocity m/s

centre-line axial velocity in fully-developed flow m/s

bulk-mean velocity, defined as m/s

friction velocity, defined as  m/s

local free-stream velocity m/s

pipe axial coordinate m

wall , defined as –

distance from wall m

non-dimensional distance from wall, defined as –

distance from wall of closest mesh node m

percentage difference between CFD or measured friction factor and 
ESDU 66027(a) friction factor

–

additional pipe pressure drop due to entry of fluid into pipe from a large tank, 
defined in Sketch 3.5

Pa

additional (negative) pressure drop due to entry of fluid into a circular pipe in 
turbulent section, defined in Sketch 5.1

Pa

pressure drop between pipe entrance and fully-developed flow axial location, 
defined in Sketch 5.1

Pa

effective roughness height of pipe internal surface m

intermittency factor, defined as the fraction of time that motion is turbulent in 
the transition process (Section 3.1)

–

turbulence kinetic energy m2s–2

fluid dynamic viscosity Pa s

turbulent viscosity Pa s

turbulent viscosity in transitional flow Pa s

fluid kinematic viscosity m2/s

boundary-layer momentum thickness m

u ′+

ucl

ucl, fd

umean umean m/ Aρ( )=

uτ uτ τw/ρ=

u∞

x

Yplus y+ Yplus yw uτ/ν=

y

y+ y+ yuτ /ν=

yw

∆ f

∆pen

∆pen , t

∆pen , tot

ε

γ

κ

µ

µt

µt
*

ν

θ
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fluid density kg/m3

wall shear stress Pa

turbulent frequency s–1

Abbreviations Glossary

AUTOMATIC ANSYS CFX proprietary near-wall treatment which switches
automatically from wall-functions to a low-Reynolds-number
treatment near-wall formulation as the mesh is refined

CFD computational fluid dynamics

DNS direct numerical simulation

LDA laser Doppler anemometry

LES large eddy simulation

RANS Reynolds-averaged Navier Stokes

SCALABLE ANSYS CFX proprietary near-wall treatment which allows solution
on arbitrarily fine mesh near the wall when using the 
turbulence model

SST shear stress transport

ρ

τw

ω

κ ε–
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2. INTRODUCTION

In this Technical Note, the ESDU CFD validation studies are presented for the prediction of transitional
flow in straight, circular pipes with smooth walls.

The onset and extent of transitional flow are of major importance in the design of many flow devices. The
transition process from laminar to turbulent flow is accompanied by significant changes in flow-related
processes such as mixing, heat transfer and friction, with important consequences for the design parameters.

Prediction of transitional pipe flow is one of the most fundamental and long-standing problems in fluid
mechanics. There is no theory describing the transition process in pipe flow. Accurate prediction of
transitional flow in straight pipes is one of the most challenging CFD applications and direct numerical
simulation (DNS) is considered the most useful method.  However, the high computational cost of DNS
has limited its use in industry. At the time of writing, Reynolds-averaged Navier-Stokes (RANS) methods
are most typically used in industry for internal flow applications.

It is not advisable to design fluid equipment to operate in transitional flow regime because of the high
uncertainty associated with the prediction of the flow behaviour. Nevertheless, in spite of the modelling
difficulties in generating accurate CFD predictions for transitional flow, these are required in many
industrial flow applications where transition controls drag or heat transfer. 

The purpose of this work is to provide guidance on the CFD modelling of transitional flow for:

• straight, circular pipes with smooth walls

• swirl-free, uniform inlet velocity (pipe entrance from a large tank), 

• fully-developed exit flow conditions,

• steady-state flow conditions,

• incompressible flow of single-phase, Newtonian liquids and gases,

• use of commercial CFD packages typically used in the industry, i.e. finite volume RANS code with
low-Reynolds-number turbulence and transition correlation-based ‘by-pass’ modelling
capabilities.

The CFD modelling of transitional flow has only become available in commercial RANS CFD packages
in recent years and has mainly been developed for boundary layers in internal flow, turbomachinery
applications. In such applications, the transition process is characterized by the ‘bypass’ of transition
features such as  Tollmien-Schlichting waves, spanwise vorticity and three-dimensional breakdown typical
of external flows and, similarly to pipe flow, turbulent spots are initiated in the viscous wall layer which
grow and merge to form turbulent slugs.

In the validation studies presented here, five different turbulence and transition models were used:

• the  and SST low-Reynolds-number turbulence models with AUTOMATIC near-wall
treatment66, and 

• the SST specific , SST  and SST  transition models66.

A description of the fundamental fluid mechanics of transitional flow in straight smooth pipes is given in
Section 3 where correlations, measurements and DNS predictions from the literature are reviewed. The
methodology used in the ESDU CFD predictions is described in Section 4. Although these predictions were
performed using the commercial package ANSYS CFX1166, the methodologies can be applied to any
RANS finite volume CFD code.

κ ω–

γ– γ γ Reθ–
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The ESDU CFD results are discussed in Section 5 and compared with the data in the literature in Section 6.
Best Practice Guidelines are given in Section 7. An overview on the CFD modelling of transitional flow is
given in Appendix A.

3. VALIDATION DATA IN THE LITERATURE

3.1 Transitional Flow in Circular Pipes

 In circular pipes, flow is characterised by the pipe Reynolds number, , defined as

,

where  is the pipe bulk-mean velocity,  is the pipe internal diameter and  is the fluid kinematic
viscosity.

At low Reynolds number the flow is laminar. In laminar flow, the velocity remains constant on cylindrical
surfaces concentric to the axis and individual cylindrical laminae slide over each other. As the Reynolds
number is increased above around , the flow regime becomes transitional. At still higher
Reynolds numbers the flow regime becomes turbulent.

The transition from laminar to turbulent flow is a relatively complex process which is far from being
completely known and documented. Knowledge on transitional flow comes primarily from experimental
investigations, see, for example, Wygnanski et al.30 and Wygnanski and Champagne31. Whilst there are
some similarities with flat plate flow, the lack of a free boundary in the pipe flow leads to some important
differences in transitional flow behaviour and the associated development length76. 

Experimental observations by, for example, Kurzweg12, Wygnanski et al.30, Draad et al.45, and Tritton52,
have shown that the transition process in circular pipes is characterized by the appearance of turbulent spots,
in the viscous wall layer which subsequently grow and merge downstream. This is due to the presence of
the pipe wall boundary and, depending on the shape of the pipe entry and on the presence of separated,
recirculating flow, can lead to a transition that is rapid compared to that observed in zero-pressure-gradient
flat plate boundary-layer flow. In this latter external flow application, the transition process is characterised
by the sequential formation of typical flow instability features i.e. Tollmien-Schlichting waves, 3-D vortices
and bursting vortices, all of which precede the generation of turbulent spots (see Sketch 3.1).

Sketch 3.1   Transitional flow at sharp entry to pipe showing turbulent spots and vortex formation 
using dye to trace flow. From Kurzweg12

In transitional pipe flow, turbulence spots can be generated by localized disturbances and are favoured by
wall roughness, i.e. transition occurs at lower Reynolds number for a rough wall than for a smooth wall.
These are bursts of turbulent-like fluctuations. Following their appearance and depending on the pipe
Reynolds number, the transition process can progress to form local regions of turbulent motion, or turbulent
plugs or slugs, which travel and grow downstream in the pipe.

Re

Re
umeanD

ν
------------------=

umean D ν

Re 2300=  
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Over the pipe length where flow transition is in progress, alternate regions of non-stable (turbulent) and
stable (laminar) flow may exist. Transition to turbulence occurs if disturbances are sufficiently amplified
in the non-stable regions.  At any specific location in the transition zone of a pipe, laminar and turbulent
flow motions alternate in time. The fraction of time that motion is turbulent is known as the intermittency
factor, . At the onset of transition, . The intermittency factor increases with distance downstream
in the pipe as a result of the turbulent slug growth at the expense of the non-turbulent regions. The region
of intermittently turbulent flow is often hundreds of diameters long. As turbulence propagates into
neighbouring non-turbulent regions at each end of the slug, the upstream and downstream slugs merge and
the flow becomes fully turbulent. At this condition,  . 

At the pipe entrance, the appearance of local turbulent regions depends on a critical disturbance level being
attained. It has been observed that for , no turbulence structures can be sustained, i.e. turbulent
spot production can be triggered but transition to turbulence does not result68. By taking great care to
minimize the disturbance level, experimenters have been able to maintain laminar flow up to

, reported by Draad et al.45, or even , reported by Lachmann20. It is likely that in
these experiments, local unstable regions forming in the entry boundary layer decay instead of leading to
transition to turbulent flow. 

It has been reported52 that the lower Reynolds-number limit for transition to slug growth, even for very
large disturbances, is . For , the flow always becomes turbulent through
amplification of small disturbances.

The entrance geometry can radically influence the transitional flow behaviour and entry length. Depending
on the entry edge geometry, two different flow regimes may establish:

• For sharp edges, a flow separation occurs at the entrance and turbulent spots appear in the wall
boundary layer, grow and merge with a relatively short development length to give fully-developed
flow. This type of behaviour is typical of “bypass transition”, which is characterised by a strongly
amplifying mechanism of the flow instability (see Appendix A).

• For rounded edges (‘bellmouth’ entry) , there is no-significant flow separation. Turbulent flow
slugs however, may appear at the entry and travel intermittently through the pipe. The development
length for reaching fully-developed turbulent flow conditions can be very long.

For sharp entry geometries with consequent flow separation regions, shear-layer instability develops at
lower Reynolds number than any attached boundary layer and rapid amplification of disturbances occurs
as shown in Sketch 3.1. However, the entry flow behaviour is not dependent on the entry geometry alone.
Other disturbances, such as an adjacent turbulent region, can also cause transition to occur.

There is a short Reynolds range over which localized regions of turbulence neither spread nor decay. The
resulting features are called “turbulent puffs”52.  This particular transitional flow behaviour has been
reported to occur in experimental arrangements of transitional flow where the pressure difference is kept
constant; as a turbulent slug grows, the pressure drop across the pipe length section where the turbulent
flow exists increases, hence the flow rate is reduced. This inhibits instability at the pipe entry and reduces
the probability of production of another slug. Only when the front of the slug reaches the pipe end does the
fraction of pipe length in laminar motion increase. This leads to an increase in flow rate and consequently
the production of another slug and the cycle recommences (see Sketch 3.2). This periodic transition happens
only over a limited Reynolds number range at around  and for pipes with lengths 52.

γ γ 0=

γ 1=

Re 1760<

Re 6.4 104×= Re 105=

2.1 0.3 103×± Re 105≥

Re 5000= L 60D>
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Sketch 3.2   Periodic transitional pipe flow in increasing time sequence from top to bottom.  
From Tritton52

3.1.1 Recent Studies

Recent experimental and theoretical studies, carried out within an international collaboration project
between Delft University of Technology (The Netherlands), Philipps University of Marburg (Germany),
Bristol University, the University of Manchester (UK) and the University of Wisconsin (USA), have
provided a better understanding of transitional pipe flow. Using LDV measurements and dynamical system
theory applied to the Navier-Stokes equations, growth rate and lifetimes of turbulent structures were
examined. 

In contrast to other laminar-to-turbulent transitional flow situations, such as the flow over a flat plate, where
a mathematical evolution of disturbances superposed on a laminar base flow (stability theory) can be used
to predict primary and secondary instabilities from laminar flow state, in pipes turbulence sets in suddenly
and fully without intermediate states and without a clear stability boundary. According to the stability theory,
in a pipe flow should stay laminar for all Reynolds numbers because infinitesimal perturbations do not
trigger turbulence. In practice, however, flow becomes turbulent even at moderate .

Mullin and co-workers at Manchester showed that larger amplitude perturbations are needed to establish
turbulence. An experimental setup with a novel perturbation system was designed to produce  step-profile
pressure perturbations of controlled magnitude and duration caused by pulses of fluid injected tangentially.
This allowed the replication of  the perturbation analysis in the theoretical studies by Hof at Delft51. It was
found51 that the minimum amplitude required to destabilize the flow scales with , in agreement with
the theoretical studies. As the Reynolds number is increased an increasing number of unstable solutions
arise. 

It was also discovered that unstable travelling waves and periodic solutions to the governing Navier-Stokes
equations could provide a new scenario for pipe flow transition51,54. These waves travel in the streamwise
direction at a phase speed typically slightly larger than the bulk velocity. The experimental studies at Delft
in pipes with lengths up to  confirmed that the dynamics of turbulent flow at moderate Reynolds
number is governed by unstable non-linear travelling waves . These were found to be 2- to 6-fold transient
structures which consist of flow-wise swirls and streaks with rotational symmetry about the pipe axis (see
Sketch 3.3).

Intake Outlet

Re

Re 1–

L 800D=
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Sketch 3.3   Experimental (A, C, E) and theoretical (B, D, F) streak patterns by Hof et al.54 at 
(A) , (B) , (C) , (D) , (E)  and (F) . 

3.1.2 Measurements in Transitional Flow

When measuring pressure and flow characteristics in transitional flow it is important to take into account
their unstable/intermittent behaviour, and to use pipes with great length to diameter ratio52, i.e. . 

A review of data in the literature for transitional flow is provided in the next sections.

3.2 Development Length

The characteristics of laminar or turbulent flow through a straight circular pipe are illustrated in Sketch 3.4.
The time-averaged axial local velocity, , is zero at the pipe wall and maximum at the centre-line. At
the pipe entrance, the velocity profile can be considered uniform as is  typically assumed for a pipe entrance
from a large tank. In practice, this profile can be closely achieved using a ‘bellmouth’ entry. 

Under steady-state conditions, at a distance from the entrance, the velocity distribution across the section
becomes independent of the axial coordinate and, hence reaches a condition known as a ‘fully-developed’
in which the pressure gradient is constant.  This distance is termed the development length.  In transitional
flow, the flow is laminar in the entry section of the pipe and becomes turbulent and fully-developed
downstream at generally greater lengths than for either laminar or fully-turbulent flows.

Sketch 3.4   Schematic of flow in a straight pipe with uniform inlet velocity profile
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3.2.1 Velocity development length

The development length required to achieve fully-developed velocity and pressure conditions, , can also
be referred to as the velocity development length. This is usually defined as the length required for the
centre-line velocity, , to achieve 99 % of the fully-developed flow value.

A summary of the data in the literature for  in laminar to turbulent flow is given in Table 3.1 and
Figure 3.1. Transitional flow correlations which are an extension of the laminar flow correlations provide
a linear relation for /  with Reynolds number in the following general form:

(3.1)

where  is a constant. Values for the constant  reported by various sources in the literature are reported
in Table 3.2.  Note that, in laminar to transitional flow, the equation by Schiller7, which is based on the
theoretical integral method, provided much lower values for  and is considered not reliable. The other
analytical and experimental data by, for example, Hornbeck23 and Durst et al.58, and CFD predictions by
ESDU59,63, are more consistent.

Finally, measurements reported by Campbell74 provided values for the development length of 
for , i.e. between typical laminar and turbulent values in Figure 3.1, and  for ,
i.e. typical for turbulent flow in Figure 3.1.

TABLE 3.1 Velocity development length data in the literature

Reference Technique Re

Schiller7 Theory

Hornbeck23 Theory

Collins and Schowalter21 Theory Laminar flow

Barbin and Jones22 Hot wire measurement

Durst et al.58 CFD

ESDU59,63 CFD

Poole and Ridley69 CFD 
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FIGURE 3.1 Summary of the development length data in the literature

3.2.2 Pressure development length

In situations where the flow does not reach the fully-developed velocity condition defined in Section 3.2.1,
due to flow instabilities and to intermittent transitional behaviour, but the pressure gradient along the pipe
length becomes constant, pressure measurements in the pipe section where the pressure gradient is constant
can still be used to derive friction factor. A pressure development length, , can then be defined as the pipe
length required for the pressure gradient to become constant (Sketch 3.5). 

TABLE 3.2 Constant  from various sources in the literature

Reference Technique C

Schiller7 Theory 0.02875

Collins and Schowalter21 Theory 0.061

Sparrow et al.25 Theory 0.056

Hornbeck23 Theory 0.0575

Fargie and Martin28 CFD 0.049 to 0.068

Chen29 Theory 0.052 to 0.068
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Sketch 3.5   Definition of additional entrance pressure drop in laminar or turbulent flow

3.3 Entrance Pressure Drop

In a pipe entrance where the inlet velocity profile is assumed to be uniform, the velocity gradients
experienced by the fluid as it enters the pipe and hence the high shear stress cause a larger pressure gradient
than in fully-developed flow. This additional entrance pressure drop, , can be expressed in laminar or
turbulent flow as

(3.2)

where  is the non-dimensional additional pressure drop (Sketch 3.5). 

While a number of sources report on the experimental and theoretical values for  in laminar flow (see
Table 3.3), no data are available in the literature for transitional flow. In turbulent flow, Curzons72 provided
the following correlation: 

. (3.3)

Correlations and measurements in the literature for laminar and turbulent flow are given in Figure 3.2.
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FIGURE 3.2 Values of  from various sources in the literature

TABLE 3.3 Values of  for laminar flow in circular pipes from various sources

Reference Technique

Boussinesq1 Theory 1.24

Riemann9 Experiment 1.24

Schiller11 Theory 1.16

Schiller11 Experiment 1.32

Goldstein14 Theory 1.41

Langhaar15 Theory 1.28

Collins and Schowalter21 Theory 1.32

Lundgren et al.24 Theory 1.34

Sparrow and Lin25 Theory 1.24

Ward-Smith35 Experiment 1.115 to 1.45

ESDU59 CFD and Experiment 1.4175

Curzons72 Theory 1.33
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3.4 Friction Factor

In a straight circular pipe, the pressure drop,  (Sketch 3.4), due to friction can be expressed
in terms of the friction factor, , as

(3.4)

where  is the pipe length,  the diameter and  the bulk-mean velocity of the fluid. 

A summary of the correlations and measurements available in the literature for laminar and turbulent flow
is given in Table 3.4. Details for each correlation are given in ESDU TN 0800875.

The correlations in Table 3.4 are compared in Figure 3.3 in the Reynolds number range .
Percentage differences from the ESDU 66027(a)26 correlation are given in Figure 3.4.

Figure 3.5 shows early experimental data for friction factor in smooth circular pipes produced by
Nikuradse13, Saph and Schoder2, Nusselt3, Ombeck5, Jacob and Erk8, Stanton and Pannel6 and Hermann10

as quoted by Schlichting34. It also includes recent measurements by McKeon et al.56 and Draad et al.45

and comparisons with the ESDU 6602726 correlations. The experimental uncertainty of McKeon’s data56

is also shown in this Figure.

FIGURE 3.3 Friction factor correlations in the literature
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TABLE 3.4 Summary of data in the literature for friction factor

Reference Data/Equation Re

ESDU 66027(a)26

ESDU 66027(b)26

ESDU 66027(c)26 Laminar flow 

Blasius11

Moody16    
*

*  is the effective roughness of the pipe internal surface.

Jain32   
*

Chen33

Schlichting34 Experimental data for smooth pipes

Haaland37 Turbulent flow

Sonnad and 
Goudar62

McKeon et al.56 Experimental data for smooth pipes
Tabulated data

McKeon et al.61

Draad et al.45 Experimental data for smooth pipes. Plots
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FIGURE 3.4 Friction factor measurements and ESDU 66027(a) and (c) correlations26

FIGURE 3.5 Comparison of different friction factor correlations with ESDU 66027(a)26
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