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ESDU 66027
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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.

THE PREPARATION OF THIS DATA ITEM

The work on this particular Data Item was monitored and guided by the Fluid Mechanics and Thermodynamics
Committee of the Institution of Mechanical Engineers, which had at that time the following constitution:

The member of staff of the Engineering Sciences Data Unit concerned was:

The Data Item was subsequently incorporated into the Fluid Mechanics, Internal Flow Sub-series, under the
guidance of the Internal Flow Panel, which first met in 1979 and had the following membership:

(Continued on inside back cover)

Chairman
Prof. A.J. Ede — University of Aston in Birmingham

Vice-Chairman
Mr E.C. Firman — Central Electricity Research Laboratories

Members
Dr A.D. Carmichael — Imperial College of Science and Technology
Mr A.G. Chapman — Associated Electrical Industries Ltd
Mr M.D.C. Doyle — University of Liverpool
Mr A. Linford — The British Hydromechanics Research Association
Dr D.L. Linning — United Kingdom Atomic Energy Authority
Mr G.J.F. Reid — British Petroleum Co. Ltd
Miss B. Shilling — Royal Aircraft Establishment.

Mr A.J. Ward Smith — Head of Fluid Mechanics and Thermodynamics Group

Chairman
Dr J.A. Eaton — University College Galway, Ireland

Members
Mr D.A. Campbell — Rolls-Royce Ltd, Derby
Mr J. Campbell — Ove Arup and Partners
Dr C.J. Clark — BP International Ltd

Copyright Engineering Sciences Data Unit 
Provided by IHS Markit under license with ESDU Licensee=/, User=, 

Not for Resale, No reproduction or networking permitted without license from IHS

-
-
`
,
,
`
`
`
,
,
,
,
`
`
`
`
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-

Full document details: ESDU 66027 F 2008

http://www.avadocuments.com/doc/esdu-66027-f-2008
http://www.avadocuments.com/doc/esdu-66027-f-2008


 

ES
D

U
 C

op
yr

ig
ht

 m
at

er
ia

l. 
 F

or
 c

ur
re

nt
 s

ta
tu

s 
co

nt
ac

t E
SD

U
. 

i

ESDU 66027
FRICTION LOSSES FOR FULLY-DEVELOPED FLOW IN STRAIGHT PIPES
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ESDU 66027
FRICTION LOSSES FOR FULLY-DEVELOPED FLOW IN STRAIGHT PIPES

1. NOTATION AND UNITS

Any coherent set of units may be used. Three such sets are indicated below.

SI British

fps technical

internal cross-sectional area m2 ft2 ft2

internal diameter of pipe of circular cross section m ft ft

equivalent diameter (also known as hydraulic 
diameter) of pipe of non-circular cross section = 

m ft ft

Fanning friction factor – – –

Fanning friction factor for flow in pipe of circular 
cross section

– – –

acceleration due to gravity m/s2 ft/s2 ft/s2

loss of head of flowing fluid due to friction m ft ft

constant defined by Equation (3.3) – – –

constant used in Table 9.1 and Figures 2a to 2e to 
determine 

– – –

length of pipe m ft ft

internal perimeter of pipe m ft ft

pressure N/m2 pdl/ft2 lbf/ft2

pressure drop due to friction N/m2 pdl/ft2 lbf/ft2

volume flow rate m3/s ft3/s ft3/s

Reynolds number = – – –

mean velocity = m/s ft/s ft/s

variable defined by Equation (3.1)

distance along pipe m ft ft

variable used in Table 9.4 – – –

A

D

DE

4A/P

f

fc

g

h

K2

K3
DE

L

P

p

∆p

Q

Re VD/ν

V Q/A

w

x

y
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2

ESDU 66027
effective roughness height of commercial pipe m ft ft

friction factor – – –

dynamic viscosity*

kinematic viscosity = m2/s ft2/s ft2/s

density kg/m3 lb/ft3 slug/ft3

* The symbol  is often used to denote dynamic viscosity.

ε

λ 4f=( )

µ N s m2⁄
or

kg m s⁄ 



 pdl s ft2⁄

or
lb ft s⁄ 




 lbf s ft2⁄

or
slug ft s⁄ 






v µ/ρ

ρ

η
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ESDU 66027
2. INTRODUCTION

This Item is concerned with the calculation of frictional pressure losses associated with the flow of fluids
in straight pipes running full. Data are given for both laminar flow and turbulent flow for a range of values
of surface roughness. Both circular and non-circular cross sections are considered. The information given
covers a large proportion of practical cases, but there are limitations to its validity and these are discussed
in Section 7.

Two methods of solution of pipe flow problems are outlined. Their distinguishing features are

I formulae for calculating the friction factor (Section 3.2),

II a friction factor - Reynolds number chart (Figure 1).

Guidance is given on the most appropriate choice of method for various types of problem. In addition,
Appendix A introduces a computer program that calculates any of the following parameters, assuming that
the other three are known:

(i) pipe cross-sectional dimension (or ratio of dimensions),

(ii) pipe length, ,

(iii) volume flow rate, ,

(iv) and pressure loss in duct, .

The program evaluates the friction factor from the more-recently developed Chen equation (Reference 26).

L

Q

∆p
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ESDU 66027
3. BASIC DATA

3.1 Pressure Drop Equations

The pressure drop due to friction, for flow in a pipe of any uniform cross section running full, is given by

, (3.1)

where the mean velocity,  , is given by

, (3.2)

and the equivalent diameter,  , is given by

. (3.3)

For a pipe of circular cross section,  is of course equal to .

The friction factor, , used in Equation (3.1) is dependent on Reynolds number,  , the cross-sectional
shape of the pipe and, in the turbulent flow regime, the relative roughness of the pipe surface, . For
a circular pipe the friction factor is denoted by . The Reynolds number is here defined as

. (3.4)

The pressure drop may be expressed as a loss of head of the flowing fluid, where

, (3.5)

so Equation (3.1) can be written in the alternative form

. (3.6)

Other common forms of Equation (3.1) and (3.6) use the friction factor, , in place of  where  and 
are related by the expression

   . (3.7)

3.2 Evaluation of Friction Factor for Flow in Pipes of Circular Cross Section

Any commercial pipe will have surface irregularities or roughnesses which can be represented by an
effective roughness height, . Approximate values of this quantity for a number of commercially available
pipes are given in Table 9.2.

∆p 4= f L
DE
-------½ρV2

V

V Q
A
----=

DE

DE
4A
P

-------=

DE D

f Re
ε/DE

fc

Re
ρVDE
µ

---------------
VDE

v
-----------= =

h ∆p
ρg
-------=

h 4 f L
DE
-------  V2

2g
------=

λ f λ f

λ 4 f=

ε
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ESDU 66027
Figure 1 presents  as a function of  and  for flow in commercial pipes. This diagram is based on
the work of Colebrook and White (References 3 and 4) and Moody (Reference 7) and the curves are
represented by the equations set out in this section.

The friction factor for laminar flow in a pipe of circular cross section is independent of roughness and is
given by

. (3.8)

This relation is valid for .

In the critical zone, in which transition from laminar to turbulent flow takes place, the friction factor is
uncertain and there is therefore corresponding uncertainty in pressure drop estimates if the Reynolds number
falls in this range. However, as confirmed by the measurements reviewed in ESDU TN 0800827 and
TN 0800928, the friction factor is unlikely to fall outside limits given by extrapolations of the laminar line
and the turbulent line corresponding to the relative roughness of the pipe surface.

The frictional relationships for turbulent flow may be summarised by the following formulae:

(i) in the hydraulically smooth regime (see Figure 1) the Prandtl law for smooth pipes1 is

, (3.9)

(ii) in the hydraulically rough regime (see Figure 1) the von Kármán rough pipe formula2 is

 and (3.10)

(iii) in the intermediate* zone, that is the zone between the hydraulically smooth and rough zones, the
relation for the friction factor, due to Colebrook and White, is

. (3.11)

The mechanism of surface friction in turbulent flow is described in various text books, e.g. Reference 13.
A review of the different measurements and correlations in the literature for friction factor in laminar,
transitional and turbulent flows is provided in ESDU TN 0800827 and TN 0800928.

3.2.1 Approximations for the Friction Factor

In some circumstances it may be required to evaluate the friction factor without reference to Figure 1. In
such cases the forms of Equations (3.9) and (3.11) are often inconvenient for engineering calculations, since

 is given implicitly.

* This zone is frequently referred to in the technical literature as the transition zone. In order to avoid confusion with the process of transition
from laminar to turbulent flow the use of the term has been avoided here.

fc Re ε/D

fc
16
Re
------=

Re 2000<

1

fc

-------- 4 Re( fc ) 0.4–log10 =

1

fc

-------- 4 3.7D
ε
---- 

 log10 =

1

fc

-------- 4– 1.25

Re fc

---------------- ε
3.7D
------------+

 
 
 log10 =

fc
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ESDU 66027
An explicit form24 which represents Equation (3.9) to within 1 per cent in the range  is

. (3.1a)

A simpler expression 4 which represents Equation (3.9) to within 1 per cent in the range  is

. (3.1b)

Equation (3.11) cannot be simply replaced by an equation giving  explicitly. However, Equation (3.11)
can be evaluated more conveniently using the following procedure:

(i) Calculate

. (3.1)

(ii) Evaluate  from Table 9.4.

(iii) Calculate

. (3.2)

Alternative explicit expressions for the friction factor can be found in ESDU TN 0800827.

3.3 Corrections for Non-Circular Cross Section

For flow in pipes of non-circular cross section a further non-dimensional parameter, , is introduced.

The friction factor, , for a non-circular pipe is generally not equal to the factor  for an equivalent circular
pipe. Their ratio is defined as  and is given by

, (3.3)

where  and  are evaluated at the same Reynolds number.

It has been shown theoretically and experimentally that  is independent of Reynolds number in laminar
flows. Furthermore, experimental work has shown that  is approximately independent of Reynolds
number for turbulent flow in hydraulically smooth pipes. It is here assumed, in the absence of better
information, that the same values can be applied in the intermediate and rough zones.

Data for  for several common non-circular shapes are given in Table 9.1 and Figures 2a to 2e. For pipes
of circular cross section, .

104 Re 2.5 108×< <

fc 4 Re 4.53{⁄ Re( ) 3.82 }–log10 ( )log10 [ ]
2–

=

104 Re 107< <

fc 3.6 Re 7⁄( )log10 [ ]
2–

1.56loge Re 7⁄( )[ ] 2–= =

fc

w ε
D
----  Re

18.57
------------- Re

5.02
----------log10 +=

y

fc
1

16 y  log10 Re
5.02
---------- wlog10 –+ 

 
2

---------------------------------------------------------------------------------=

K2

f fc
K2

K2
f
fc
----=

f fc

K2
K2

K2
K2 1=
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ESDU 66027
4. THE SOLUTION OF FLOW PROBLEMS

For both laminar and turbulent flows there are two basic types of problem. The first may be called the direct
problem. In this case it is required to calculate (or ), values for all the other variables which affect the
problem being known. In the second type of problem, the inverse problem, (or ) is known and it is
required to calculate one of the other variables, such as , or , in terms of the given quantities.

This Item presents two methods of solution, in addition to the computer program introduced in Appendix A:

(i) using the appropriate equations of Section 3.2 in conjunction with the equations of Section 3.1 and,
for non-circular cross sections, Section 3.3,

(ii) using Figure 1 in conjunction with the equations of Section 3.1 and, for non-circular cross sections,
Section 3.3.

For hand calculation of the direct problem Method (ii) is the most convenient. It is applicable to laminar
and turbulent flows, in circular or non-circular pipes (see Examples in Section 6). However, inverse
problems are not easily solved using Methods (i) and (ii) and the program should be used.

If it is known for certain which flow regime prevails (i.e. laminar or turbulent), then Method (i) can be
conveniently used. On the other hand, if there is any doubt it is usually quicker to use Method (ii).

The outline procedure for the two Methods* is now given.

(Given , ,  and cross-sectional geometry; to find  or )

(i) Calculate  from Equation (3.2).

(ii) If the duct is of non-circular cross section, calculate  from Equation (3.3) or use Table 9.1 and
Figures 2a to 2e.

(iii) If the duct is of non-circular cross section, determine  from Table 9.1 or Figures 2a to 2e.

(iv) Determine  from Table 9.2.

(v) Calculate  and .

(vi) Select the appropriate relation from Equations (3.8) to (3.2) according to the ranges of those
parameters and hence evaluate  (Method (i)) or read  from Figure 1 (Method (ii)).

(vii) Calculate  using Equation (3.3).

(viii) Hence calculate  or  using Equation (3.1) or (3.6) respectively.

* The procedure for the solution of the direct problem is outlined here. An iterative approach based on these procedures would be required
for the solution of inverse problems using these Methods.

∆p h
∆p h

Q V DE

Q L v ∆p h

V

DE

K2

ε

ε DE⁄ VDE /v

fc fc

f

∆p h
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ESDU 66027
5. RAPID SOLUTIONS FOR SPECIFIED FLUIDS

If a large number of calculations of the types outlined in Section 4 have to be made for one particular fluid,
it is frequently more convenient to make use of charts or tables which apply specifically to the one fluid.
A list of references giving charts and tables of this kind is contained in Table 9.3, where the range of variables
covered by each reference is indicated.
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ESDU 66027
6. EXAMPLES

(1) Methods (i) and (ii), worked in British technical units

A gas of density  slug/ft3 and kinematic viscosity  centistoke flows in a rectangular
pipe, 4 in  in, made from sheet metal. Determine the pressure drop over a length of 10 ft if the velocity
is 120 ft/s using a coherent set of British units.

 centistoke  ft2/s.

Using the notation of Table 9.1 and Figure 2a of the present Data Item,

.

From Figure 2a,

.

 in  ft.

.

From Table 9.2, and taking an average value for sheet metals,

 in,

.

 can be evaluated either using Method (i) or Method (ii).

Method (i)

Using Equation (3.1),

.

From Table 9.4, it is found that  lies between the tabulated values of  and . To
calculate  to an accuracy of 1 per cent, the value of  corresponding to either  or  can be
taken.

For  , .

ρ 0.00238= v 14.86=
2×

v 14.86= 1.6 10 4–×=

a
b
--- 2

4
--- 0.5= =

K3 1.333=

DE a K3× 2 1.333× 2.67= = = 0.223=

Re
VDE

v
----------- 120 0.223×

1.6 10 4–×
------------------------------ 1.67 105×= = =

ε 6 10 5–×=

ε
DE
------- 6 10 5–×

2.67
---------------------- 2.25 10 5–×= =

fc

w 2.25 1.67× 105×

105 18.57×
--------------------------------------------- 1.67 105×

5.02
---------------------------log10 4.724=+=

w 4.724= w 2= w 10=
fc y w 2= w 10=

w 2= y 0.057=
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