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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
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
and/or computer software and is considered worthy of publication in its own right.
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provide a better service.
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1 NOTATION AND UNITS
S Unit

A pipe cross-sectional area m?
pipeinterna diameter m

f friction factor, defined in Equation (3.16), also termed Fanning friction -
factor

ke kinetic-energy velocity-profile factor, defined in Equation (3.49) -

Im momentum velocity-profile factor, defined in Equation (3.50) -

Ken non-dimensional additional entrance pressure drop, defined in -
Equation (3.15)

Ken,t non-dimensional additional (negative) pressure drop in the turbulent -
section, defined in Sketch 3.2

K en. tot non-dimensional pressure drop between pipe entrance and -
fully-devel oped flow axial location, defined in Sketch 3.2

K, Karman number, defined as K = u_6/v -

Kg average sandgrain height m

k; non-dimensional average sandgrain height, defined as k; =ku /v -

L pipe length m

Ly pipe length required to reach fully-devel oped flow m

m mass flow rate kg/s
static pressure Pa

R pipeinterna radius m

Re pipe Reynolds number, defined as Re = Uy, D/V -

Re, momentum-thickness Reynolds number, defined as Rey = 6 u_/v -

Regt transition-onset momentum-thickness Reynol ds number -

r pipe radial coordinate m

U max theoretical centre-line velocity in laminar flow m/s
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axia local velocity in laminar flow
or
time-mean axial local velocity in turbulent flow

non-dimensional local axial velocity, defined as u =u/ U,
axia local centre-line velocity

axia centre-line velocity in fully-developed flow

maximum axial local centre-line velocity in turbulent flow

bulk-mean velocity, defined as u = m/(Ap)

mean
friction velocity, definedas u_ = /1, / p

local free-stream velocity

pipe axial coordinate

wall y", defined as Yplus = y,u_/ v

distance from wall

non-dimensional wall distance, definedasy® = yu_/v
distance from wall of closest mesh node

average distance from wall of closest mesh node

percentage difference between CFD predictions or measurements of
friction factor and ESDU 66027* friction factor

additional pipe pressure drop due to entry of fluid into pipe from alarge
tank, defined in Sketch 3.2

additional (negative) pressure drop dueto entry of fluid into acircular
pipein turbulent section, defined in Sketch 3.2

pressure drop between pipe entrance and fully-devel oped flow axial
location, defined in Sketch 3.2

percentage difference between u,,,, predicted using CFD and theoretical

axial centre-line velocity in laminar flow, U

boundary layer thickness

thickness of laminar sub-layer, defined in Equation (3.41)

effective roughness height
or
turbulence eddy dissipation

intermittency factor, defined as the fraction of time that motionis
turbulent in the transition process

turbulence kinetic energy
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A alternative friction factor, defined as A = 4f -
u fluid dynamic viscosity Pas
Wy turbulent viscosity Pas
u: turbulent viscosity in transitional flow Pas
v fluid kinematic viscosity m?/s
0 boundary layer momentum thickness m
P fluid density kg/m®
T fluid shear stress Pa
é T, wall fluid shear stress Pa
'3'.-: o) turbulent frequency s
©
=
o
(S)
2
2 Abbreviations Glossary
% AUTOMATIC ANSYS CFX proprietary near-wal treatment which switches
g automatically from wall-functions to a low-Reynolds-number treatment
o near-wall formulation as the mesh is refined
o
- CED computational fluid dynamics
®©
E DNS direct numerical simulation
©
E LDA laser Doppler anemometry
<=
'%: LES large eddy simulation
Q.
S RANS Reynolds-averaged Navier Stokes
o)
2 SCALABLE ANSY S CFX proprietary near-wall treatment which allows solution on
= arbitrarily fine mesh near the wall when using the k—& turbulence
model
SST shear stress transport
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2. INTRODUCTION

Inthis Technical Note, the ESDU CFD validation studies are presented for the prediction of friction losses
and flow characteristics in straight circular pipes with smooth walls.

Understanding of pipe friction and associated flow characteristicsin different flow regimesisfundamental
to the understanding of boundary layer devel opment and turbulence modelling ininternal flow engineering
applications such as viscous drag and heat-transfer processes.

Typical industrial CFD applications of pipe flow include systems where pipes are part of a more complex
domain, such as aircraft ducts, pipe fittings, heat exchangers, various components of power generation
plants, etc. In more general CFD applications, straight long pipes are often used to set inlet and outlet
boundary conditions. At inlet boundaries, they are used as an artificial extension of the inlet to the
investigated flow domain to allow the natural development of duct boundary layers. At outlet boundaries,
straight pipes are used as an artificial extension to the outlet of the investigated flow domain to reduce the
influence of the outlet local fluid dynamics on the CFD predictions. In all such applications, it is essential
to reduce the sensitivity of CFD predictions of friction losses to mesh density and distribution, pipe length
required for fully-devel oped flow, boundary conditions and turbulence modelling.

Accurate prediction of the friction losses and flow characteristics in straight pipes is one of the most
challenging problems in CFD. Although direct numerical simulation (DNS) and large eddy simulation
(LES) areusedinresearch, inindustry Reynolds-averaged Navier-Stokes (RANS) methodsarelargely used.

The purpose of this work is to provide guidance on the CFD modelling of friction losses and flow
characteristicsin:

e dtraight circular pipes with smooth walls,

e laminar, transitional and turbulent flow regimes,

»  swirl-free, uniform inlet velocity conditions,

» fully-developed exit flow conditions,

»  dsteady-state flow conditions,

* incompressible flow of single-phase, Newtonian liquids and gases.

» employing commercial CFD packagestypically used in theindustry, i.e. finite volume RANS code
with low-Reynolds-number turbulence and transition correlation-based ‘bypass modelling
capabilities.

Extensions to rough pipes and to compressible flow will be considered in future work.
Three types of meshes were considered: 2D-axisymmetric hexahedral meshes, 3D purely tetrahedral

meshesand 3D tetrahedral mesheswith prismatic layers. Pipeswith different lengthsweretested in laminar,
transitional and turbulent flow at Reynolds numbersranging 1<Re<10 .

ESDU Copyright material. For current status contact ESDU.

Three different turbulence models were considered with different near-wall treatments: the k —e with
SCALABLE near-wdll treatment, k—o with AUTOMATIC near-wall treatment and SST with
AUTOMATIC near-wall treatment®. Three transition models were considered: the SST specific—y, SST
y and SST y—Rey models®. Detailed CFD validation studies on transitional flow are presented in
ESDU TN 08009'%.

A brief description of thefundamental fluid mechanicsin straight pipesisgivenin Section 3. Inthissection,
correlations, measurements and DNS predictionsin the literature for friction losses and flow characteristics
in straight pipes are reviewed. The methodology used in the CFD predictions is described in Section 4.

The ESDU CFD predictionsfor thedifferent meshes, pipelengths, Reynolds number and turbulence models
are discussed in Section 5 and compared to experimental data and correlations in Section 6. Best Practice
Guidelines on mesh density and distribution, setting of boundary conditions and turbulence modelling are
given in Section 7. Overviews on the CFD modelling of turbulent and transitiona flows are given in
Appendices A and B, respectively.
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3. VALIDATION DATA IN THE LITERATURE

Theflow in a straight pipe has been the focus of extensive experimental and CFD investigations for many
years. At the time of writing, CFD predictions of turbulent flows has become an important research tool in
studying the basic physics of turbulence and work was conducted using direct numerical simulations
(DNS)%:57:60 Whilgt, in general, experimental and CFD findings agreed well on the flow structure away
from the wall, inconsi stenciesin the turbulence properties at the wall were reported. This motivated recent
experimental work on non-invasive LDA measurements in the near-wal| region®:62:63,

At the time of writing, the main research investigations reported in the literature included:

. the experimental work conducted at the “superpipe’ facility at Princeton University led by
Smits6:73.82:83

. the experimental and CFD work conducted at the Center for Turbulence Research®(consortium
between Stanford University and NASA),

. the experimental and CFD work conducted by Durst and co-workers at the University of
Erlangen-Niirnberg®-:628 and

. the experimental and CFD work conducted at University of Delft60:63.75.79,

31 Flow in a Sraight Pipe

Theflow characteristics through astraight pipewith circular cross-section areillustrated in Sketch 3.1. The
axia local velocity, u(r), is zero at the pipe wall and maximum at the centreline. At a distance from the
entrance section, the velocity distribution across the section becomes independent of the axial coordinate
and hence reaches fully-devel oped flow conditions.

Re \ - \ u(r)
—H— Jf r l y i >
D I 7L.X R S N B
—i——» Umax B B—
/ J
1 <T— 2
L
p
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Ap=p;—p,

Sketch 3.1 Schematic of fully-developed flow in a straight pipe
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311 Laminar flow
In laminar flow, the velocity remains constant on cylindrical surfaces concentric to the axis and individual
cylindrical laminae slide over each other. In acoaxial fluid cylinder of length, L , between sections 1 and 2

(Sketch 3.1), andradius, r , thefluid motion is controlled by the force balance between the pressure gradient
in the axial direction, and the frictional shear stress, T, at adistance y from the wall:

2
(Py—pPy) mr™ = 2nylLt (3.1

Hence,

or for alength dx,

_dpr
T= x> (3.2
Using the definition of the shear stress,
-,
TEHG (3.3
upon integration, a parabolic velocity distribution over the radiusis found:
T I
u(r) = anL (R™=r%) (3.4

From Equation (3.4) and considering the mean velocity over the cross-section, U, it isfound that the
flow rate through a pipe in laminar flow is given by the following Hagen-Poiseuille equation:

ESDU Copyright material. For current status contact ESDU.

TER4
Q= m (P1—Py) - (3.9)
It is also found that the pressure drop, Ap = (p;—p,), increases linearly with u,.,, and the flow rate
through the pipe (or Re):
_ _ L
Ap - (p_’]__p2) =8 u R_2 umean (36)

Based on Schlichting®! observations, for example, it can be assumed that laminar flow exists for

Re< 2300 (3.7)
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where

u D
Re = —’3939—— (3.8)

For Re> 2300, as the Reynolds number increases, the regularity of the fluid motion starts to break down
and the flow regime becomes transitional. At higher Reynolds numbers, as the flow regime becomes
turbulent, irregular radial fluctuations occur that superimpose on the axial motion and cause an exchange
of the transversal momentum and affect mixing. As a consegquence, the velocity distribution over the cross
section is more uniform than in laminar flow.

3.1.2 Transitional flow

At low Reynolds number the flow is laminar. As the Reynolds number is increased above around
Re = 2300, the flow regime becomes transitional. The transition from laminar to turbulent flow is a
relatively complex process which is far from being completely known and documented. Experimental
observations!>4"6%77 have shown that thetransition processin pipeflow ischaracterized by the appearance
of turbulent spots in the viscous wall layer which subsequently grow and merge downstream. Thisis due
to the presence of the pipe wall boundary and, depending on the shap 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. Thislatter external flow application is characterised
by the sequential formation of typical flow instability features, i.e. Tollmien-Schlichting waves, 3D vortices
and bursting vortices, all of which precede the generation of turbulent spots.

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 progressto form local regionsof turbulent motion, or turbulent
plugs or slugs, which travel and grow downstream in the pipe.

Over the pipe length where flow transition is in progress, aternate 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, v . At the onset of transition, ¥ = 0. The intermittency factor increases with distance downstream
in the pipe as aresult 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, vy = 1.

ESDU Copyright material. For current status contact ESDU.

At the pipe entrance, the appearance of local turbulent regions depends on acritical disturbancelevel being
attained. It has been observed that for Re< 1760, no turbulence structures can be sustained, i.e. turbulent
spot production can be triggered, but transition to turbulence does not result®’, By taking great care to
minimize the disturbance level, experimenters have been able to maintain laminar flow up to

Re = 6.4x10" , reported by Draad et al.5, or even Re = 10°, reported by Lachmann®. 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 reported’” that the lower Reynolds-number limit for transition to slug growth, even for very
large disturbances, is Re=2.1+ 0.3x10°. For Re> 105, the flow always becomes turbulent through
amplification of small disturbances.
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3.1.3 Turbulent flow

Turbulent flow is a complex three dimensional, time-dependent phenomenon which consists of
multiple-scalefluctuationsin time and space. At agiven physical locationin the flow, velocity and pressure
arenot constant in timebut exhibit very irregular, high frequency fluctuations. These can only be considered
constant at a given physical location when averaged over along period of time>?.

Much of the knowledge of turbulent flowsis based on experiments. A statistical description for turbulence
considerstwo partsfor pressure and vel ocity components, the time-mean and fluctuating parts. When using
adtatistical approach, some of the quantities can be measured from which measurements an understanding
of the physical process and a theoretical approach can be devel oped. Based on the further devel opment of
the theoretical method, certain quantities are then measured in its support.

In principle, the time-dependent Navier-Stokes equations describe both laminar and turbulent flows.
However, turbulent flows generally involve length scales much smaller than the smallest finite volume
mesh that can be practically used in a CFD analysis. Turbulence models are commonly used in industry
that model turbulence effects without solving the turbulent fluctuations. The direct numerical simulation
(DNS) of these flows requires computing power which is many orders of magnitude greater than that
available in the foreseeable future.

One of the classical analyses of pipe turbulent flow was conducted by Laufer?® usi ng hot-wire velocity
measurements. His measurements are still used to validate experimental and CFD investigations. They are
also used to set vel ocity and turbulence intensity boundary conditionsin pipes where experimenta dataare
not available. Laufer?® showed that over the pipe cross-section the rates of turbulent energy production,
dissipation and diffusion have sharp maxima near the edge of the laminar sub-layer and that there exists a
strong movement of kinetic energy away from this radius and an equally strong movement of pressure
energy towards it. For the turbulence structure, three regions were identified:

« awall proximity region where turbulence production, diffusion and viscous dissipation are equally
important,

e acentra pipe region where energy diffusion plays a predominant role,

* anintermediate region where the local rate of change of turbulent-energy production dominates
the energy received by dissipation.

Thesefindings form the basis of the understanding of turbul ence production, diffusion and dissipation used
to validate measurements and CFD models of pipe turbulent flows. An overview on the CFD modelling of
turbulent flow using RANS methods is given in Appendix A.

ESDU Copyright material. For current status contact ESDU.

3.2 Pipe Entrance

When a fluid enters a circular pipe from a large reservoir, the cross-sectional velocity distribution along
the pipe length varies with the distance from the inlet until the pressure gradient becomes constant and the
flow issaid to be fully-developed. The distance over which the velocity devel opment occursis often called
the hydrodynamic entrance length or entrance region.

Inturbulent flow, sincethefluid near thewall isretarded, there must beasmall radial component of velocity
away from the wall3”. Low-momentum fluid is thus convected to regions of higher velocities and a
momentum exchange between high and low-momentum fluid particles occurs. New turbulence isinitiated
intheform of axial velocity fluctuations. Theturbulence spread continues until the shear flow fillsthe pipe.
After the fluid has become completely turbulent the velocity distribution reaches the fully-devel oped
conditions by turbulent mixing transverse to the flow.

The flow problem for the entrance region does not yield to an exact solution. Thisis also true for laminar
flow where various approximate analytical solutions have been devised to provide information on the flow
development and entrance pressure drop.
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321

Development Length

The pipelength requiredto achievefully-developed flow conditionsisreferred asto thedevel opment length,

Ly- Thisis usualy defined as the length required for the centreline velocity, u

theoretical or calculated fully-developed flow value.

cl’

to achieve 99% of the

The importance of knowing the development length for the design of pipe flow systems has long been
recognized. Inlaminar and transitional flows, devel opment lengths vary widely depending on the Reynolds
number. In turbulent flow, transition to turbulence at the pipe entrance needs to be taken into account.

A summary of thedatainthe literature for the development length, L, isgivenin Table 3.1 and Figure 3.1.

TABLE 3.1 Summary of the development length datain the literature

Reference Technique Data For mat Re
Schiller © Theory Equation (3.10) <10°
Nikuradse?® Velocity measurements | Equation (3.12) Laminar flow
Nikuradse'3 M easurements Values Turbulent flow
Collins and Schowalter®® Theory Table 3.2 Laminar flow
Barbin and Jones®’ Hot wire measurements Plots Re = 3.88x10°
Hornbeck3® Theory Equation (3.11) <10*
Sparrow et al.*° Theory Table 3.2 Laminar flow
Fargie and Martin® CFD Table 3.2 Laminar flow
Chen?® Theory Table 3.2 Laminar flow
Lienetal 8! M easurements (Channels) Plots 4x10*<Re<2x10°
Durst et al. CFD Equation (3.14) 0.01<Re<10
ESDUS79L CFD CFD predictions 1<Re<10’
Poole and Ridley®® CFD Plots 0<Re< 1000
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FIGURE 3.1 Summary of the development length data in theliterature

3.2.1.1 Laminar and transitional flow

L
d_
D—C Re

In laminar flow, there have been various investigations into the pipe development length using analytical,
experimental and CFD methods (see Tables 3.1 and 3.2). Most of these investigations provide a linear
correlation for L/ D with the Reynolds number in the following general form:

(3.9)

where C isaconstant. Vaues for the constant C reported by various sources in the literature are shown
in Table 3.2 and Figure 3.2.

TABLE 3.2 Values of the constant C from various sourcesin theliterature

Reference Technique C
Schiller © Theory 0.02875
Nikuradse?® Velocity measurements 0.04 to 0.0625
Collins and Schowalter® Theory 0.061
Hornbeck3® Theory 0.0575
Sparrow et al.*° Theory 0.056
Fargie and Martin® CFD 0.049 to 0.068
Chen6 Theory 0.052 to 0.068
ESDU% CFD 0.053 to 0.067
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FIGURE 3.2 Values of the constant C from various sourcesin theliterature

In laminar to transitional flow, Schiller®, for example, provided the following equation based on the
theoretical integral method valid for Re< 10°:

L4 = 0.02875DRe (3.10)

Equation (3.10) givesfor Re = 2000 and 10 000 lengths of L4 = 57.5D and 287 D, respectively. These
values are much smaller than those reported by other investi gators in Table 3.2. According to Hornbeck3®
for example:

L4 = 0.057DRe (3.11)

ESDU Copyright material. For current status contact ESDU.

i.e. Ly=114D for Re = 2000 and L4 = 570D for Re = 10000. Equation (3.11) is based on the
boundary-layer analysis which assumes no dissipation upstream of the pipe entrance and a flat velocity
profile at pipe entrance. Velocity measurements by Nikuradse?® also show that fully-developed flow-
conditions are reached more slowly than those predicted in Equation (3.11):

L4 = CDRe (3.12)
C =004 to 0.0625

Hot wire measurements by Durst et al 8% have revealed that Ly is very sensitive to small measurement:
inaccuracy. This could explain the wide range of values reported for the constant C, see Figure 3.2 and:
Table 3.2. Recent experimental and CFD studies have shown that at Reynolds numbers Re< 100, L is
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independent of Reynolds number®. The following form for Ly has been suggested:

L

d
2= Co+CyRe (3.13)
However, based on CFD simulations, Durst et al. & found that for 0.01 < Re< 10" thefollowing non-linear
correlation predicted their CFD results within 3%:

16 51116
Ly = D[O.Glg ' +(0.0567Re) } (3.14)

This correlation was consistent with the CFD predictions of Poole and Ridley (2007).

As shown in Figure 3.1, values of L, from ESDU CFD studies in sudden contractions are in agreement
with Durst and Hornbeck’s equations®?.

For non-circular pipes, Fleming and Sparrow44, provide data for Ly from anaytical solutions and
experiments in rectangular and triangular ducts. These show that for rectangular ducts with aspect ratios
greater than 2:1, L ; was smaller than for circular ducts. For rectangular ducts with aspect ratios smaller or
equal to 2:1 and for triangular ducts, L 4 was greater than for circular ducts.

3.2.1.2 Turbulent flow

In turbulent flow, enhanced mixing amongsfluid layers causes a more rapid growth of the boundary layer.
M easurements by Nikuradse®® for Re> 10 have shown that Ly variesbetween 25t0 40 D . Thisrangeis
in agreement with ESDU CFD predictions for entry to sudden contractions for turbulent flow®L,

M easurements by Barbin and Jones®’ showed that centreline velocity reaches fully-developed conditions
at about 40 pipe diameters downstream the pi pe entrance. They aso found that turbulent quantities become
fully-developed at a pipe length much greater than 40D . However, measurements of the friction factor
indicated that only 15D are required to reach fully-developed conditions.

3.2.2 EntrancePressure Drop

At a pipe entrance, the pressure drop is higher than in the fully-developed region. In fact, if the velocity
distribution at the pipe entrance is considered approximately uniform, as the fluid enters the pipe the :
boundary layer isvery thin at entrance and grows in the downstream direction. Consequently, the velocity
gradient at the wall, and hence the wall shear stress, decreases from a high value near the pipe entranceto
the fully-devel oped flow value. The acceleration of the flow central core and the higher wall shear cause
alarger pressure gradient than that in fully developed flow.

ESDU Copyright material. For current status contact ESDU.

This additional entrance pressure drop, Ap,,,, can be expressed as

2

pu
APy, = Ken__mz_e_a_n (3.15)

where K, in the non-dimensional additional pressure drop (Sketch 3.2).
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Sketch 3.2 Definition of entrance pressure drop

Inlaminar flow, anumber of analytical solutionscan befoundintheliteraturefor circular pipesthat calculate
Ken See Table 3.3. The computed values for K, obtained from the analytical solution were validated
against measurements of Schiller'* and Riemann'!. The quoted values>142223353940 for K ranged
from 1.16 to 1.41. The experimental values quoted by Ward-Smith®? range between K, = 1.115 and 1.45
with most data concentrated between K, = 1.25 and 1.35. A summary of the valuesfor K, foundinthe
literature is presented in Table 3.3. These are in agreement with the values recommended for the pressure
loss coefficient in ESDU 05024%7 for entry to sudden contractions downstream of a large container and
those used by Curzons!®,

For non-circular pipes, Fleming and Sparrow**, for example, provide datafor K fromanalytical solutions
and experimentsin rectangular and triangular ducts. These show that for rectangul ar ductswith aspect ratios
greater than 2:1, K, was smaller than for circular ducts. For rectangular ducts with aspect ratios smaller
or equal to 2:1 and triangular ducts, K, was greater than for circular ducts.

ESDU Copyright material. For current status contact ESDU.

In turbulent flow, Curzons'® provided the following correlation:
Kq, = 12f

This correlation is compared in Figure 3.3 with the values recommended for the pressure loss coefficient
in ESDU 0502487 for entry to sudden contractions downstream of alarge reservoir and the values cited in
Table 3.3 for laminar flow .
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TABLE 3.3 Values of the constant K, from various sourcesin laminar flow for circular pipes

ESDU Copyright material. For current status contact ESDU.

Reference Technique Ken
Boussinesg? Theory 1.24
Riemann'! Experimental 1.24
Schiller'4 Theory 1.16
Schiller Experimental 1.32
Goldstein®? Theory 1.41
Langhaar®® Theory 1.28
Collins and Schowalter®® Theory 1.32
Lundgren et al.® Theory 1.34
Sparrow and Lin® Theory 1.24
Ward-Smith°2 Experimental 1.115t0 1.45
ESDU®’ CFD and Experimental 1.4175
Curzonst®* Theory 1.33
10
¢ »
1 4
—— Curzons (2008)
- —e—Boussinesq(18%0) | | —o oo SrT T oo oo o — oo o=
N4 Riemann (1928)
—— Schiller (1932)
---@-- Schiller Exp (1932)
Goldstein (1938)
0.1 4—| — Langhaar (1942)
—— Collinsand Schowalter (1962)
Lundgren et a. (1964)
—— Sparrow et a. (1964)
——— ESDU (2005) sudden contractions
—— Curzons (2008) *
Ward-Smith (1980) Exp.
¢ Barbin & Jones (1963)
0.01 1 1 1 : : :
1 10 100 1000 a 10000 100000 1000000 10000000
e
FIGURE 3.3 Valuesof K, from various sourcesin theliterature
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33 Friction

Inastraight circular pipe, the pressure drop, Ap = p; —p, (Sketch 3.1), dueto friction can be expressed in
terms of thefriction factor, f, as

Ap = 4f Li,2

D2 PUrmean (3.16)

Different definitions of the friction factor are used in different engineering areas. In civil engineering, for
example, afriction factor, A, defined as

A= 4f
istypically used.

Asshown in Equation (3.2) both in laminar and turbulent flow, the shear stress distribution is linear across
the pipe cross section and its largest value occurs at the wall:

_P1i7P2R

W 5 (3.17)

The shear stressat thewall, t,,,, can be determined directly measuring the pressure gradient along the pipe.

From Equations (3.16) and (3.17), t,,, can be expressed in terms of the friction factor as

_1. 2

w5 f P Unean (3.18)
In laminar flow, the friction factor can be derived from Equations (3.6), (3.8) and (3.16) as
_16
f= Re (3.19)

In turbulent flow, Blasius® developed the following empirical correlation for the friction factor based on
alarge number of measurements:

f = 0.0791 / Re™® (3.20)

ESDU Copyright material. For current status contact ESDU.

Thisisvalid for smooth circular pipes and Re< 10°.

In 1933, Nikuradse'® published some friction measurements on artificially roughened pipes on which
Prandtl’s theoretical analysis of pipe flow is based. Nikuradse measurements did not cover the transition
region between smooth and rough pipes, or “region of incomplete turbulence”. The correlation by
Colebrook and White?® 2! provides a practical bridge for this gap.

At very large Reynolds numbers, Prandtl'® derived what is known as the “universal law of friction” for
smooth pipes based on Prandtl’s universal velocity-distribution law (Equation (3.32)):

1 _
o 4|og[Rle_ J _04 (321)

This equation isin close agreement with the measurements shown in Figures 3.4 and 3.5.
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FIGURE 3.4 Experimental data from Nikuradse'®, Saph and Schoder 2, Nusselt*, Ombeck®, Jacob and
Erk% Santon and Pannel’, and Hermann'?, and correlationsfor friction factor in a smooth circular pipes.
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FIGURE 3.5 Universal law of friction for smooth pipe vs measurements.
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An explicit form of Prandtl’simplicit equation, Equation (3.21), is provided in ESDU 66027

—2
_ Re
r= [4'09[4.35|09Re—3.82ﬂ (322)

This is based on_Techo et al. 4L which represents Equation (3.21) to within 1% in the range
10%<Re<2.5x 10°. A simpler expression is also presented in ESDU 66027*% based on Colebrook?®:

f= [3.6Iog[R7eﬂ—2 (3.23)

Equation (3.23) represents Equation (3.21) within 1% in the range 10%<Re<10".

For non-circular pipes, Hartnett et al.3% found that the circular-pipe correlations for the friction factor are
valid gor rectangular pipes with a wide range of aspect ratios for Reynolds numbers between 6x10™ and
5x10~.

3.3.1 Roughness effect

Inlaminar flow, the friction factor is afunction of the Reynolds number only. In turbulent flow, the surface
roughness affects friction losses and the friction factor is a function both of Reynolds number and of the
relative surface roughness®*:

£
D

where ¢ is the effective surface roughness height. Pipes are then considered smooth when the surface
irregularitiesare small compared to the thickness of thelaminar sub-layer. They are considered rough when
the roughness protrudes sufficiently to break up the laminar sub-layer and the flow is compl etely turbulent.
At low Reynolds numbers, the flow is not affected by the surface roughness, i.e. it is hydraulically smooth.
Asthe Reynolds number increases, the flow becomestransitionally rough, i.e. frictionis afunction of both
roughness height and of Reynolds number, and the friction factor increases above its smooth-wall value.
At higher Reynolds numbers, the flow isfully hydraulically rough, i.e. friction isindependent of Reynolds
number, and the friction factor increases only with the surface roughness. In terms of the viscous length
scae, v/u_ where v isthekinematic viscosity and u_ isthefriction velocity definedasu, = /t,,/ p, the
flow issmooth when eu_/ v issmall, and fully rough when eu_/ v is so large that viscosity is no longer
important.

ESDU Copyright material. For current status contact ESDU.

For a given roughness type, the behaviour of the transitional roughness regime is known only from
experiments®*. For asurfacewith closely packed, mono-disperse sand-grain roughness, Nikuradse?® found
that the flow can be hydraulically smooth, transitional or fully rough depending on the values taken by the
non-dimensional average sandgrain height,

kg = kg, /v

where k isthe average sandgrain height:

. hydraulically smooth for k;= ku,/ <5,
. hydraulically transitionally rough for 5< k;<70, and
. hydraulically fully rough for k; >70.
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Many g’zher types of roughnesses have been studied and the behaviour in the transitional region can vary
widely”™.

For rough pipes, ESDU 66027 providestwo correlations. Onevalid for the hydraulically rough regime (see
Section 3.4.1) based on von Karman*®,

% - 4Iog(3.7%) , (3.24)

and one valid for the intermediate smooth-rough regime based on Colebrook and White?,

% = —4Iog(

The Colebrook-White Equation (3.25) is based on alarge collection of measurementsin commercial pipes.
It is used in the Moody diagram where a monotonic roughness behaviour is assumed. The roughness
distribution in commercia pipestypicaly isnot uniform. This may account for the different behaviour in
the transitional region reported by Moody?®> and Nikuradse?®. Shockling et al.®* found that the
Colebrook-White Equation (3.25) gives a poor prediction for the transitionally rough behaviour of honed
surfaces as it overestimates the friction factor. They also found that: (i) the transitional roughness regime
is characterized by an inflectional curve as aso observed by Nikuradse?® and not by the monotonic
behaviour represented in the Moody diagram, (ii) and that the departure from hydraulically smooth regime
occurs at a relative roughness approximately two orders of magnitude larger than that predicted by the
Moody diagram.

1.25 € )

One of the earliest explicit correlations for smooth and rough pipes was provided by M oody25:

1/3
4 ¢ 10
=0. + = 4 = .
f = 0.001375| 1 [2><10 . , (3.26)

Thisis valid for 4x10°<Re< 108 and 0<e/D <0.05 and provides friction factor values between -16%
and +13% of Equation (3.25)>*.

ESDU Copyright material. For current status contact ESDU.

Jain® devel oped an explicit correlation which iswithin £1 % of the Colebrook-White Equation (3.21) for
5x10°<Re<10® and 10 °<e/D <1072

1 oo o (e 212
=228 4|og(D ¥ ———Reo_g) 3.27)

For Reynolds number Re> 4000, Chen Equation® is suggested in ESDU 83037 for rough straight pipes:

1.1098
1 1 € 5.0452 1l ¢ 5.8506
— = 4log| ===| = |- Iog{ + } (3.28)
JE [3.7605( D) Re 28257 D Rpgh8%sl
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For smooth and rough pipes, Haaland>* proposed the following general correlation:

L- _féflog([%g}“{s_;st)f””j (329

where n is an integer constant which can take values 1 and 3. For n = 1, Equation (3.29) isin close
agreement with Colebrook-White Equation (3.25). However, the experiments by Smith et al.*! and Uhl#2
have shown that in gas pipelines the transition from the smooth to the rough regime is much more abrupt
than that indicated by the Colebrook-White Equation (3.25). To accommodate this behaviour Haaland>*
suggested using n = 3 in Equation (3.29):

ot 2'”{[22] *[ﬁfﬂ (330)

Sonnad and Goudar % 101 102 gevel oped two explicit correlationsfor the friction factor in turbulent flow
for smooth and rough pipes. The correlation for smooth pipes™ is based on the work of Nikuradse'?,
Prandtl’’ and von K&rman'® and is given by:

1 _ Re
I 1'7372"{1.964|n(Re)—3.8215j (33

This correlation is valid for turbulent flow in the region 4000< Re< 108. The correlation for rough
pipes® 192 s hased on Colebrook-White?® Equation (3.25):

1 0.4527 Re (3.32)

— = 0.4343In
JE

s+1
S

s = 0.124(¢ /D)Re+ In(0.4587Re)

This correlation is valid for turbulent flow in the range 4000 < Re< 108 .

ESDU Copyright material. For current status contact ESDU.

Recent friction factor measurements were reported by McKeon et al.82 in smooth pipes for awide range
of Reynolds number: 10<Re< 3.6x10" . Their measurementswere carried out at the " Super pipe’ facility
at Princeton University using compressed air up to very high Reynolds numbers and at Oregon University
using helium, oxygen, nitrogen and sul phur hexafluoride. The reported experimental error was 2 to 4% for
the Oregon measurements and 1.1% for the Princeton measurements. Measurements by McKeon and
co-workers83 have shown the Prandtl law of flow in smooth pipes in Equation (3.21) is not accurate for
Re> 10 .The followi ng correlation was devel oped to fit the experimental data within 1.25% in the range
3x10* <Re<3.6x10":

1 _
J? = O.965I09(Reﬁ )—0.2685 (3.33)
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To take into account the effect of viscous deviation from thelog law at the wall, McKeon et al 89 proposed
the following equation:

T? = 0.965l0g( Re./f” )—0.2375—@#23055 (3.34)

This equation fits friction factor measurements within 1.4% for 10%<Re<3x10’ . The effect of surface
roughnesswasinvestigated by the same group of investigatorsin hydraulically smooth, transitionally rough
and fully rough r7egi mesin honed surfaces®®. They found that a hydraulic smooth behaviour was exhibited
for Re<2.7x10" for these surfaces.

Meesélrements of fri%tion factor in transitional flow have recently been published by Draad et al.®* for
2x10"<Re<6.6x10". They found that when extreme precaution is taken to minimize disturbances,
parabolic fully developed flow profilesare observed for Re< 14 300 and that |aminar flow can be sustained
for Re< 60000 asshown in Figure 3.6.

The correlations in Equations (3.20), (3.22) to (3.32) are compared with the data from the Oregon and the
Princeton measurementsin Figures 3.6 and 3.7, respectively. Comparisons with the measurements of Draad
et al.%* are displayed in Figures 3.6(a) and (b). Most of the cited correlations fit within the experimental
uncertainty of McKeon's measurements2® except for Moody’s Equation (3.26).

ESDU Copyright material. For current status contact ESDU.
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FIGURE 3.6 Comparisons of the different correlations with measurements
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TABLE 3.4 Summary of thefriction factor datain theliterature

Reference Technique Re Wall Surface Data For mat
Blasius® Correlation Re<10° Smooth Equation (3.20)
von Karman'8 Correlation Turbulent flow Rough Equation (3.24)
Prandt!*® Correlation Re> 4000 Smooth Equation (3.21)
COI\;C\%ﬁzlfgand Correlation Turbulent flow Smooth-rough Equation (3.25)
Moody?° Correlation | 4x10°<Re<10° | Smooth and rough | Equation (3.26)
ESDU 66027%3 | Correlation | 10*<Re<25x10® Smooth Equation (3.22)
ESDU 66027% | Corrdlation | 10%<Re<10’ Smooth Equation (3.23)
ESDU 6602743 | Correlation | 10" <Re<10’ Rough Equation (3.24)
ESDU 66027+ Correlation 10%<Re<10’ Smooth and rough | Equation (3.25)
Jain®® Correlation | 5x10°<Re<10° Rough Equation (3.27)
Chen® Correlation Re> 4000 Rough Equation (3.28)
Haaland®* Correlation 4x 103 <Re< 108 Smooth and rough Equat?on (329)
Equation (3.30)

Draad et al.%* Experiment 2x10° < Re< 6.6x10" Smooth Plots

Sgr;z?jdar%%d Correlation 4x10° <Re< 10° Smooth Equation (3.31)
G%?Jr;r;ra‘foﬂ%z Correlation |  4x10°<Re<10° Rough Equation (3.32)
Experiment . Tabulated data

McKeon et al 83 and 10< Re<3.6x10 Smooth and Equation

correlation (3.33)
McKeonet al.8 | Corrdlation | 10%<Re<3x10’ Smooth Equation (3.34)
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34 Turbulent Velocity

One of the earliest attempt to measure mean velocity profiles was carrigd out by Nikuradse!® in strai ght
smooth pipes for awide range of Reynolds number: 4000 < Re< 3.2x10" . These are plotted in Figure 3.8
and show that profiles become fuller with increasing Reynolds number and fit the power-law equation:

i}
u:fd - (é) ” (3.35)

where y is distance from the wall and the exponent n varies with the Reynolds number taking the values
ofn=6for Re=4000,n =7 for Re = 105 and n = 10 for Re = 3.2><106 . Theratio of the bulk-mean

velocity, u to the centre-line velocity in fully developed flow, u, ;4 can be caculated as

mean

Unean — 2n2 (3.36)
Uel d (n+1)(2n+1) '

Velocity measurements that followed Nikuradse's work have shown that power-law correlations provide a
good representation of the velocity profile except close to the wall and on the centreline.

ESDU Copyright material. For current status contact ESDU.
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FIGURE 3.8 Velocity measurements for smooth pipes at different Reynolds numbers.
From Nikuradse'®

3.4.1 Universal law of velocity distribution for smooth pipes

Prandtl*’ discovered that Equation (3.21) isrelated to Blasius friction law i in Equation (3.20) and showed
that the /71" -power law can be derived from Blasius equation at Re = 10°. It can be shown that us ng
Equation (3.18) and introducing the friction velocity u, defined as

u. =/t /p- (3.37)
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a‘universal law’ for thevelocity distribution existsbetween (u/ u_) andthenon-dimensional wall distance,

y+=yuT v,
RPN RSPV L
u=Y= o) - ] = C(n)[yJ (3.38)

T

where C(n) takesthe\éal uesin Table 3.5. Asreferred to in Section 3.4, the coefficient n istypicallly taken
asn =7 for Re = 10" and as h>7 for higher Reynolds numbers.

TABLE 3.5 Coefficientsfor Equation (3.38)

n 7 8 9 10
C(n) 8.74 9.71 10.6 115
) The ‘universal law’ for velocity-distribution for smooth pipesis plotted in Figure 3.9.
a
)
':'_,: At very large Reynolds numbers, it has been suggested that the expressions in Equations (3.35) and (3.38)
i) tend asymptotically to alogarithmic function:
=
o
o u" =4 =575l0gy" +55 (3.39)
42 Thisassumption is confirmed by experimental data as shown in Figure 3.9 and isvalid in flows where the
o laminar shear stress is negligible compared with the turbulent shear stress. In laminar flow, the universal
§ law for velocity distribution is given by:
2 u = y+ (3.40)
-'_é 35
(O] .
4"_“’ R e s ;:
E 30 JJ7thPower-Iaw (// ’/,/',’.//’"
< - L
.90
s
Q.
o 25 4
O
o)
o 1/10" Power - law
w 20 —— Eqn (3.40)
u+:i \ _ - - - Reichardt (1951)
U Prandtl Egn (339) A P ——EQgn (3.39)
* T & —-—- 1/7th Power Law
N-ee - =~ 1/10th Power Law
. 7 3 o Re=4000
%0 Transitional e 23000
3 ransition e 110000 .
6’ Nikuradse
A e 400000
5 - (1950)
‘N 1100000
\ Laminar flow * 2000000
. e Reichardt exp. (1951)
0 1 2 3 4
log y+= log yvu T

FIGURE 3.9 Universal law of velocity distribution for smooth pipes and comparisonswith

measur ements from Nikuradse?® and Reichar dt? ,
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Asillustrated in Figure 3.9, three regions can be identified:

. y+ <5 purely laminar friction (laminar sub-layer)
. 5< y+ <70 laminar-turbulent friction
. y+ >70 purely turbulent friction

Hence the thickness of the laminar sub-layer can be derived as
8 = 5— (3.41)

At adistance sufficiently far from thewall, in the fully-devel oped turbulent layer, the velocity distribution
can be represented by the logarithmic law in Equation (3.39). In the laminar sublayer near the wall, the
linear law in Equation (3.40) is applicable. In the mixed laminar-turbulent zone, the velocity distribution
can be represented by Reichardt’slaw in Figure 3.9. Thesethree laws arereferred asthe ‘law of thewall’.

3.4.2 Universal velocity distribution laws for smooth and rough pipes

At low Reynolds numbers and small roughness heights, the effect of roughness on the velocity distribution
is negligible. At sufficiently high Reynolds numbers or large relative roughness ¢/D , the viscous length
scale, v/u_, may become comparable the roughness height, ¢, and ;rhe surface roughness disrupts the wall
viscous layer. This causes the logarithmic velocity distribution u in Figure 3.9 to shift down without
changing its slope and the velocity profile to be more peaked. With further increase in Reynolds number
or for largerel ativeroughness, thevel ocity distribution becomesindependent of viscosity, althoughit retains
its logarithmic distribution.

Prandt!!” derived a universal velocity-distribution law for rough and smooth walls under the assumption
that laminar friction is negligible compared to turbulent friction:

u —u
cl, fd _ R
—_— = 5.57log( y) (3.42)

T

Equation (3.42) can be extrapolated to large Reynolds numbers and is plotted in Figure 3.10 where it is
compared to experimental data and von Karman’'s universal velocity-distribution law based on the

similarity law,
u -u
cl, fd _ 1 iy iy
m = 0.36{”{1 1 R} 1 R}’ (3.43)

and Darcy' empirical equation based on measurement of velocity distributions,

ESDU Copyright material. For current status contact ESDU.

u - u 3/2
oid _~ _ _Y
— - 5.08(1 R) (3.44)
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M easur ements ar e from Schlichting®

3.4.3 Veocity measurements

/7t and 1/9" power-law profiles are also shown in these Figures.
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FIGURE 3.10 Universal velocity distribution law for smooth and rough pipes.

Laufer?® was the first to document detailed turbulence statistics usi ng hot wire anemometry for Reynolds
numbers, Re = 41000 and 426000. Laufer’s measurements are compared in Figures 3.11 to 3.13 with the
recent LDA measurements at the National Institute of Standards and Technology of Mattingly76 and the
DNS predictions conducted at the Center for Turbulence Research by Porosevaet al 8 Comparisons with
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FIGURE 3.11 Comparisons of Laufer's?® data with power-law distributions
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FIGURE 3.12 Comparisons of Laufer?®, Mattingly’® and Poroseva’s®® data with power-law distributions
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FIGURE 3.13 Comparisons of Laufer?®, Mattingly’® and Poroseva’s®° data with power-law distributions

Hot wire vel ocity measurements have recently been carried out by Smitsand co-workersat the* Super pipe
facility at Princeton University designed for very high Reynolds numbers®8283.94 - 7agarola and Smits®®
carried out measurements of the mean velocity profiles for 3.1 x 104 <Re< 3.5><107 . They found that in
fully-developed pipe flow velocity profiles display two overlap regions: a power-law region for
60<y+<500 and a log-law region for 600<y+<0.07 K. The Karman number, K_, represents the
boundary-layer thickness, &, expressed in viscous wall units, defined as

u.d
K, = % (3.45)

The power-law dependence of the mean velocity on y+ expresses the direct influence of viscosity outside
the laminar sub-layer. The logarithmic - law dependenceis an expression of a self-similar region in which
the mean velocity scales on the wall friction velocity, u_, at the distance from thewall, y, only.

More recent measurements from McKeon et al.8? usi ng high-Reynolds-number static-pressure correction
confirmed the presence of power-law and logarithmic regions found by Zagarola and Smits®® but found
different limits for such regions, i.e. the power-law region for 50< y+ <500 and the log-law for
600< y+ <0.12 K, and the following correlations for the power-law and logarithmic regions:

0.142
ur=Y = 8.48[y+} (3.46)
uT
Ueig =Y 1
m = - 0.421In(y/R) +1.2, (3.47)
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respectively (see Figure 3.14). It was also 7found that the surface roughness affects velocity profiles only at
high Reynolds number, i.e. Re>1.36x10 .

A relationship between the centreline velocity and the friction factor was found by McKeon et al 89

u
%‘ = 2J§[1.934I09[Re2ﬁ } +0.958J (3.48)

T

This equation fits the measurements Wit5hin +3.2% for 3x10°<Re< 1.8><107, within 0.52% for
Re>1.8x10" and within 1% for Re<3x10™.

14
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|Power-Law Eqn (3.46) |
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0 0.2 0.4 YR 0.6 0.8 1

FIGURE 3.14 McK eon et al.8283 correlations in Equations (3.46) and (3.47) and their overlap at Re = 10°

ESDU Copyright material. For current status contact ESDU.

Durst and co-workers®1-6? conducted high-spatial-resolution LDA measurements for the mean velocity

and turbulence intensity in the near-wall region for 7500< Re< 20500 (Figures 3.15 and 3.16).

Measurements are in agreement with the DNS predicti ons of Kim et al.*® and show a linear behavi our of
u with y in the laminar viscous sub-layer for y <2 and a logarithmic profile for 2< y <20
(Figure 3.15). For y > 100 afully turbulent layer is reached and measurements are in agreement with the
universal law of the wall. The measurement uncertainty for mean velocity was +0.28 %. The maximum
uncertainty for the measurement of shear stress at the wall was 1%.

Durst et al.%? also carried out high quality turbulence intensity measurements near the wall. It was also
found that the axia velocity component of the turbulence intensity at the pipe wall tends to a limiting
constant value which is Reynolds number independent. Thefindings are confirmed by the DNS predictions
of Kim et al.>® (Figure 3.16).
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