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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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

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 of the permanent professional staff of the Engineering Sciences Data Unit on this particular Iltem was
monitored and guided by the following Working Party:

Dr D.J. Cockrell — Leicester University

Mr D.H. Freeston — Auckland University

Mr P. Fry — Rolls-Royce (1971) Ltd, Derby
Dr G. Hobson — GEC Turbine Generators Ltd
Dr S.J. Stevens — Loughborough University
Mr J. Weir — Salford University

on behalf of the Fluid Mechanics Steering Group which had the following constitution:
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Chairman

Mr T.V. Lawson — Bristol University

Members

Mr K.C. Anthony — Ove Arup and Partners

Mr E.C. Firman — Central Electricity Research Laboratories
Prof. R.G. Taylor — Consulting Structural Engineer

Mr B. Payne — Kellogg International Corporation

Dr G. Hobson — GEC Turbine Generators Ltd

Mr J.R.C. Pedersen — Independent

Mr C. Scruton — Independent

Mr N.G. Worley — Babcock and Wilcox (Operations) Ltd.

The Steering Group had benefited from the participation of members from several engineering disciplines. In
particular, Prof. R.G. Taylor had been appointed to represent the interests of structural engineering as the nominee
of the Institution of Structural Engineers, Mr E.C. Firman had been appointed to represent the interests of mechanical
engineering as the nominee of the Institution of Mechanical Engineers, and Mr B. Payne had been appointed to
represent the interests of chemical engineering as the nominee of the Institution of Chemical Engineers.

The Item was accepted for inclusion in the Aerodynamics Sub-series by the Aerodynamics Committee which had
the following constitution:

Chairman
Mr E.C. Carter — Aircraft Research Association
(Continued on inside back cover)
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INTRODUCTION TO DESIGN AND PERFORMANCE DATA FOR DIFFUSERS

1 INTRODUCTION

A diffuser is a section of closed duct along which the mean static pressure of aflowing fluid increases as
aresult of decreasing kinetic energy of the flow without energy input from an external” source. For subsonic
flow this generally requires a duct with a cross-sectional areaincreasing in the direction of flow, although
an increase in mean static pressure can occur in ducts of other geometries, such as parallel pipes, when a
distorted velocity profile settles to a more uniform condition.

Diffusersare used to match componentsin internal flow systemsby producing anincreasein static pressure
without further energy input, by providing an efficient reduction in flow velocity or simply by joining a
small areaduct to alarger one. For example, diffusers are used to improve the performance of compressors
by converting some kinetic energy to pressure energy (often also called “flow work™) and to achieve the
necessary velocity reduction between compressor and combustion chamber in gas turbines. In
air-conditioning systems and el sewhere, diffusers may be used to reduce the flow vel ocity and hence losses
and noise. For convenience in installation and to reduce cost, small pipes may be used for transmission of
fluids and are then connected to larger working components by a diverging section.

In all these cases the adoption of a*“nearer-to-optimum” design, as opposed to one that simply satisfiesthe
primary reguirements, can lead to improvements in overall system performance. Inadequate design leads
not only to poor pressure recovery, non-uniformity of exit flow and high energy losses but also to noise
and vibration due to fluctuating separation. Furthermore, adverse effects on the performance of duct
components downstream of the diffuser may be caused by separated, asymmetric or fluctuating flows.

This Data Item provides a comprehensive survey of diffuser performance which gives background
information for non-specialists and enables specialists and non-specialists to assess the effects of
geometrical and flow variables on diffuser performance. More detailed performance data for a range of
particular diffuser geometries are given in the following Data Items.

ESDU 73024, Performance of conical diffusersin incompressible flow.

ESDU 74015, Performancein incompressible flow of plane-walled diffusers with single-plane expansion.

ESDU Copyright material. For current status contact ESDU.

ESDU 75026, Performance of circular annular diffusersin incompressible flow.

Inthe present Item, Section 2 introduces some parametersused to define diffuser performance and Section 3
briefly discusses some analytical performance-prediction methods. Section 4 describes the principal
features of performance trends with overall diffuser geometry and includes comments on the effects of
cross-sectional shape and surface finish while Section 5 covers the effect of inlet flow conditions on
performance. Section 6 summarises briefly some methods that have been suggested for improving diffuser
performance, especially of wide-angle diffusers, and guides the user to sources of more detailed
information. Some of these methods have particular application as remedial measures for diffusers whose
performance has been found to be unsatisfactory in service.

" Externa energy input or output may be used to improve diffuser performance, for example by removal of potentially separating boundary

layers.
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2. NOTATION AND DEFINITIONS

2.1 Notation

S units

A cross-sectional area of duct m?

Ag effective flow area, see Section 2.3.3.1 m?

B blockage ratio, see Section 2.3.3.1 -

b width of rectangular diffuser (between parallel wallsfor single-plane m
expansion), see Sketches 2.2 and 2.3

CIDr static-pressure recovery coefficient, see Section 2.3.1 -

C;r optimumvalueof C . for givenlengthratio (L/R;, L/w; and L/h; for -
conical, plane-walled with single-plane expansion and annular diffusers
respectively)

CE’; optimum value of Cor for given arearatio A,/A; -

Cprl value of CIor for an ideal diffusion process, see Section 2.3.1 -

D diameter of circular section m

Dy, equivalent or hydraulic diameter, 4A/cross-sectional perimeter m

h annulus width, R, —R; m

K, total-pressure loss coefficient, see Section 2.3.2 -

Kf minimum value of K, for givenlengthratio (L/R;, L/w,; and L/h; for -
conical, plane-walled with single-plane expansion and annular diffusers
respectively)

K" minimum value of K, for given arearatio A,/A; -

L axial length of diffuser m

Ly length of straight, parallel duct downstream of diffuser (tailpipe) m

L, length of straight, parallel duct upstream of diffuser m

m total mass flow rate through section kg/s

p static pressure “Pa

P total pressure “Pa

R radius of circular duct m

For footnotes see end of Notation Section.
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Re Reynolds number, V1D,/v, V1w, /v, and Vih,/v, for conical, -
plane-walled with single-plane expansion and annular diffusers
respectively
r ratio of inner to outer wall radii (diameters) for annular cross section, —
R/R,
local absolute velocity, /v, + (vy +V,) m/s
Y, mean velocity, m/pA , (i.e. area-averaged mean axia velocity) m/s
\% component of local velocity m/s
w width of rectangular duct (between diverging walls for single-plane m
expansion), see Sketches 2.2 and 2.3
5
- X axial distance measured from start of area change, positive downstream, m
- see Sketch 2.5
(S)
E X, distance from diffuser entry at which roughness commences m
S (see Section 4.6.3)
>
E o kinetic energy coefficient, see Section 2.3.2 -
*ch € equivalent roughness height, see ESDU 66027 (Reference 1) for typical m
c values
3
5 n diffuser effectiveness, see Section 2.3.1 (also called static-pressure -
- recovery efficiency)
o
5 m dynamic viscosity of fluid N s/m?
©
E v kinematic viscosity of fluid, u/p m?/s
49
‘é: p density of fluid kg/m®
Q.
S ) angle between diffuser wall and diffuser axis (total divergenceangle = 2¢  degree
=) for symmetrical diffusers
(%]
- \ angle between local flow direction and axial direction (swirl angle) degree
" 1Pais1Pasca =1 N/m2
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Suffixes

e denotes exit plane for system considered

[ denotes inner wall of annular duct

max denotes maximum value at a cross section

0 denotes outer wall of annular duct

X valuein axial direction

y valuein radial direction (axisymmetric sections) or in plane of dimension “b”
(rectangular sections)

z valuein circumferential direction (axisymmetric sections) or in plane of dimension “w”
(rectangular sections)

1 denotesinlet plane of diffuser

2 denotes exit plane of diffuser

Mean values are denoted by a bar over asymbol, e.g. p, . With the exception of the mean velocity, V , the
averaging method is taken to be amass flow average, i.e.

= _1
F —E]J.Ade,

where F isany variable.

ESDU Copyright material. For current status contact ESDU.
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2.2 Diffuser Geometry

ESDU Copyright material. For current status contact ESDU.

Sketch 2.2 Plane-walled, single-plane expansion (ESDU 74015)
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Annular (ESDU 75026)
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Sketch 2.5 Some special annular types (ESDU 75026) and definition of inlet and outlet planes for
diffuserswith rounded junction

2.3 Diffuser Performance Parameters

Diffuser performance is usually expressed in terms of the static-pressure rise across the diffuser with, less
often, information on the total-pressure loss and the outlet flow conditions.

Some simple diffuser performance parameters are defined in this Section. They are used in the Data Items
(see References 3, 4 and 5) asthey can be derived and applied when few details of theinlet flow are known.
If more detail were available these definitions could still be conveniently used but the performance
parameters could then be correlated in more detail with theinlet flow variables.

Other more complex parameters have been proposed, often with the aim of defining ameasure of efficiency
of diffusion, generally by using a nearer approximation to the specific kinetic energy of the flow than the
product 1/szl2 . Some examples are given in References 7, 31, 45, 61 and 68.

Definitionsof performance parametersfor diffuserswith swirling inlet flow or with auxiliary flows (suction
or blowing) may or may not debit the diffuser performance with the power required to generate these flows.
Since the swirl may be a by-product of other processes and the auxiliary flows may serve useful functions
in the overall duct system, it appears preferable to present diffuser performance alone and make separate
allowance in the system calculation for these other considerations.

ESDU Copyright material. For current status contact ESDU.

231 Satic-pressurerise, incompressible flow

The static-pressure rise between the inlet section 1 and an outlet section e (at the diffuser exit or some
specified point along the tailpipe) is usualy non-dimensionalised with reference to a mean inlet kinetic
pressure, ¥2pV 1", to give the static-pressure recovery coefficient, Cpr , 85

_ pe_ p]_
Cpr = — (2.1)
YopV 1
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One definition of the diffuser effectiveness, n, compares the actual static-pressure rise with that which
could be achieved with the same entry conditions and the same geometry if the flow were frictionless and

the exit flow completely uniform. Then n can be expressed as Cpr/ CIDrI where
— 2 — 2
o, (¥%2pV1)—"2pV2 1
Cprl = — L (2.2)
YopV 1 (A, /Ay

where o, istheinlet kinetic energy coefficient defined by Equation (2.7).

An alternative version simplifies this by assuming a uniform inlet velocity of V 1 so that a, =1 and

c  =1-—1 (2.3

pri 2°
(A, /Ap)

In most casesit is assumed that the static pressures are constant across sections 1 and e. However, because
of flow curvaturein theregion of the geometrical throat, the static pressure measured at thewall at section 1
is below the mean to an extent that depends on the throat shape and diffuser angle. It is usua therefore to
define p; asthe static pressure at the wall ashort distance upstream of the geometrical throat or sometimes
asthe static pressure obtained at section 1 by extrapolating the general trend of the static pressure gradient
in the upstream duct. Sketch 2.6 shows an example of the wall static-pressure distribution along a
duct-diffuser system which illustrates these points. If another duct component is placed very close to the
diffuser exit this may impose a particul ar exit pressure distribution.

ESDU Copyright material. For current status contact ESDU.

p; measured upstream Py
of curved flow P, defined by
extrapolated
/ pressure gradient
| | X
Entry pipe Diffuser Tail pipe

Sketch 2.6 Variation of wall static pressure along a diffuser

In the case of swirling inlet flows or curved inlet flow (as at a bend exit for example) the static pressure
will vary across the section and mean values must be determined from a static pressure profile.
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232

Total-pressure loss, incompressible flow

The total-pressure loss may be similarly referenced to the mean inlet kinetic pressure to give the
total-pressure loss coefficient, Kt , as

Pt1 — Py
= e (24)
YopV 1
The mean total pressure is taken as the mass-averaged value given by
o1
py = - J.Aptdm. (2.5)
In cases where the static pressure is sensibly constant across the section this can be evaluated as
_ —2
Pt = pta(%pV ), (2.6)

—2
inwhich a , thekinetic energy coefficient, relatesthe mass-averaged kinetic pressure to the product ¥2pV
i.e.,

1 2 —2
o = (—j pV dm) /(vpV ). @2.7)
mJa
For axial incompressible flows Equation (2.7) reduces to

o = Lj V3da. (2.8)
_ 3
AV A

The total-pressure loss between the inlet and exit planes of a diffuser or diffuser/tail pipe system can also
be expressed in terms of the change in kinetic energy and the change in static pressure. Thus, using mean
values,

_ _ — 2 — 2 _ _
Pi1 = Pie = O‘1(1/29\/1 ) — (Xe(l/ZPVZ ) —(Pe— pl) ) (2.9

from which, using Equations (2.1) and (2.4),

Ge
Ki = oq - — o Cpr' (2.10)
(Ay /Ay
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2.3.3
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2331

Theterm o,/ (A2/A1)2 represents the kinetic energy remaining in the flow at the exit plane. If the diffuser
or diffuser/tail pipe system dischargesinto alarge space (e.g. the atmosphere), so that thiskinetic energy is
not utilised in another duct component, the overall total-pressure loss coefficient between the inlet plane
and the large space will be given by

Ky = a5 — Cpr . (2.12)
When the diffuser is followed by another duct component a value of a., is required to evaluate Equation
(2.10). If along enough tailpipe is fitted (of the order of 4D, long, but dependent on diffuser geometry
and inlet flow conditions), the distorted flow at the diffuser exit will decay to a fully-developed flow
condition at the tailpipe exit and a value of o, of about 1.05 may be taken for the diffuser/tailpipe
combination. For shorter tailpipes the flow at the tailpipe exit will remain distorted and higher values of
a,, (inextreme casesashigh as492) will apply. Exceptionaly, if the diffuser isof small arearatio and wall
angle and the inlet flow is near uniform, the flow may still be developing at the diffuser exit and in the
tailpipe. A value of o, of about 1.04 will then be a reasonable approximation.

Equation (2.10) might suggest that ahigh valueof o, givesalow total-pressurelossbut in practicediffusers
producing highly distorted flows also give low static-pressure recovery. A high value of o, is also
undesirable because it implies a very non-uniform exit flow which is likely to have an adverse effect on
the performance of the next duct component downstream.

Outlet flow specification

Theinformation available on the outlet flow from adiffuser or diffuser-duct combination is often restricted
to general comments on flow stability and symmetry. These may be correlated in the form of a series of
overal “flow regimes’” in which the diffuser geometry lies, as discussed in Section 4.1.

Detailed outlet flow measurements are of valuein providing adata base from which typical values of outlet
flow parameters can be derived. In the practical design situation difficulties in ensuring an exact
correspondence of a diffuser in service conditions with the design condition would not allow the detailed
measurements to be applied with certainty. However, information on some gross parameters of the flow is
of use in design of downstream duct components when these are in close proximity to the diffuser (say
closer than 10D, , ) and in evaluating diffuser performance. Particularly useful for thislatter purpose (see
Sections 2.3.2 and 2.3.4) isthe kinetic energy coefficient, a., defined by Equation (2.7).

Some other useful parameters might be the blockage parameter (defined in Section 2.3.3.1),
maximum/mean velocity and location of maximum velocity (for asymmetry definition), momentum
coefficient, axial turbulenceintensity and mean swirl angle. Theflow at adiffuser exit often fluctuateswith
time so that these values will then be averages and a measure of the fluctuation frequency will then also be
required.

The blockage parameter, B

An effective flow area, Ag, of aduct cross section can be defined as the area that could pass the actual
mass flow rate of the system if the velocity were uniform and equal to the actual maximum velocity in the
cross section. Thus

Ag = m/(pV (2.12)

mex) -

10

Copyright Engineering Sciences Data Unit

Provided by IHS Markit under license with ESDU Licensee=/, User=,

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

Full document details: ESDU 76027 B 2007

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/esdu-76027-b-2007
http://www.avadocuments.com/doc/esdu-76027-b-2007

ESDU 76027

The effective area will be equal to the actual duct area only if the velocity is actually uniform across the
section. For all other cases A islessthan A and the difference, A— A, isoften termed the “blocked area’.
A parameter characterising the non-uniformity of the velocity profile, the “ blockage parameter” B, isthen
defined asthe ratio of the blocked area to the actual duct area, so that,

_
E Mactual Vv
B = =]l-— = 1-—,
A pAV V

max max

(2.13)

The blockage ratio can also be expressed in terms of the boundary-layer displacement thickness (using an
axisymmetric or three-dimensional definition, asfor example in Reference 45, for axisymmetric sections).
The exact relation depends on the cross section.

2.3.4 Insufficient and inefficient diffusion

Equation (2.10) can be rearranged to give the static-pressure recovery coefficient as

ae
R (2.14)

(Ay/A))

pr

while Equation (2.2) expresses the “ideal” pressure recovery coefficient as

_ 1 )
CprI -4
(Ay/Ay)
so that
(0= D)
Cori — Cor = —— +K,. (2.15)
(Ay/ Ay

From this it can be seen that the actual pressure recovery is less than the ideal value because of alack of
uniformity (since o> 1) in the exit velocity profile and aloss of total pressure. Reference 45 terms these
“insufficiency of diffusion” and “inefficiency of diffusion” respectively. Reference 45 aso derives an
equation similar to Equation (2.15) but in terms of the total-pressure loss along the streamline of maximum
velocity, showing that for diffusersin which an inviscid core exists throughout a diffuser the reduction in
pressurerecovery below theideal valueispredominantly duetoinsufficient diffusion rather thaninefficient
diffusion.
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