
ESDU 16005

Endorsed by
The Royal Aeronautical Society

Mass flow rate of a leak into
an external stream

Issued December 2017

 

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
. 

Full document details: ESDU 16005 2017

http://www.avadocuments.com/doc/esdu-16005-2017
http://www.avadocuments.com/doc/esdu-16005-2017


ESDU 16005
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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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 Aerodynamics Committee. This Committee
first met in 1942 and at the time of the first issue of the Data Item had the following membership:

The construction and subsequent development of the Data Item were undertaken by

The person with overall responsibility for the work in this subject area is Mr A.J. Clarke, Head of Aerodynamics
Group.

Chairman
Mr A.J. Wells — Independent

Vice-Chairman
Mr P.D. Chappell — Independent 

Members
Mr H. Åslund — Saab Aeronautics, Sweden
Mr K. Bradbrook — Independent
Mr P. Camacho*

* Corresponding Member

— Boeing, Long Beach, CA, USA
Dr P.C. Dexter — Independent 
Mr J.R.J. Dovey — Independent
Prof. K.P. Garry — Cranfield University
Prof. J.M.R. Graham — Imperial College, London
Mr M.J. Green — Independent
Mr J.M. van den Heever* — Independent
Dr G.A. Johnson — BAE Systems, Military Air and Information, Filton, Bristol
Dr E.H. Kitchen — Independent
Mr C.S. Lee — BAE Systems, Warton
Mr J.-B. Leterrier — Airbus, Toulouse, France
Miss M. Maina — Aircraft Research Association Ltd
Mr R.S.F. de Mello* — Mitsubishi Aircraft Corporation, Japan
Mr A. Miller — Independent
Mr S. Morris — Airbus Operations Ltd, Filton, Bristol
Mr R. Sorbilli* — Embraer, Brazil
Mr J. Tweedie — Short Brothers plc, Belfast
Dr M. West — BAE Systems, Prestwick
Mr P. Woodrow — Rolls-Royce plc, Derby

Mr C.J. Batt — Senior Engineer.

 

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
. 

Full document details: ESDU 16005 2017

http://www.avadocuments.com/doc/esdu-16005-2017
http://www.avadocuments.com/doc/esdu-16005-2017


ESDU 16005

 

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
. 

Full do
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MASS FLOW RATE OF A LEAK INTO AN EXTERNAL STREAM

1. NOTATION

SI British

leak orifice area, see Section 3.1 m2 ft2

plenum pressure coefficient, see Section 5.1.1 and 
Equation (5.1)

value of  when there is no leakage flow, see 
Section 5.1.1

leak exit pressure coefficient, see Section 5.1.3 and 
Equation (5.3)

value of  for choked isentropic leakage flow, see 
Section 5.1.3.2 and Equation (5.7)

leak differential pressure coefficient, see Section 5.1.4 and 
Equation (5.8)

value of  for choked isentropic leakage flow, see 
Section 5.1.4.2 and Equation (5.10)

value of  at which isentropic leakage flow becomes 

choked, see Section 5.1.2 and Equation (5.2)

composite factor, see Section 5.4.1 and Figure 2

leak orifice geometry parameter, see Section 5.4.2 and Figure 3

leak orifice geometry factor, see Section 5.4.3 and Figure 4

discharge coefficient, ratio of actual mass flow rate to isentropic 
mass flow rate through leak orifice, see Sections 5.2 and 5.4 
and Figure 1

maximum leak orifice dimension in direction of external flow, 
see Section 3.1 and Sketches 1.1 and 1.2

m ft

Mach number of external flow at edge of boundary layer at leak 
station with leak sealed, see Section 4.1.2

mass flow rate in external stream, i.e. through streamtube of 
cross-sectional area , based on conditions at edge of 
boundary layer with leak sealed, see Section 4.1.2 and 
Equation (4.1)

kg/s slug/s

actual mass flow rate through leak orifice, see Section 5.2 and 
Sketch 1.3

kg/s slug/s

AL
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isentropic mass flow rate through leak orifice, see Sections 5.2 
and 5.3

kg/s slug/s 

value of  for choked leakage flow, see Section 5.3.2.2 
and Equation (5.22) or (5.23)

kg/s slug/s

value of  when , see 
Equation (5.24)

kg/s slug/s

static pressure of external flow at edge of boundary layer at leak 
station with leak sealed, see Section 5.1.1

N/m2 lbf/ft2

static pressure at leak orifice exit plane , see Section 5.1.3 N/m2 lbf/ft2

value of  for choked isentropic leakage flow, see
Section 5.1.3.2

N/m2 lbf/ft2

static pressure in plenum, see Section 5.1.1 N/m2 lbf/ft2

static pressure in plenum for zero leakage flow, see 
Section 5.1.1

N/m2 lbf/ft2

Reynolds number per unit length of external flow at edge of 
boundary layer at leak station with leak sealed, see 
Section 4.1.2

m–1 ft–1

Reynolds number based on boundary-layer thickness, 

local velocity in boundary layer, see Section 4.1.2 and 
Sketch 1.4

m/s              ft/s

external flow velocity at edge of boundary layer at leak station 
with leak sealed, see Section 4.1.2 and Sketch 1.4

m/s ft/s

flow velocity at leak orifice exit plane  in isentropic stream, 
see Section 5.3

m/s ft/s

maximum leak orifice dimension normal to external flow 
direction, see Section 3.1 and Sketches 1.1 and 1.2

m ft

ratio of specific heat capacities, taken as 1.4 for air

boundary-layer thickness at  at leak station of 
external flow with leak sealed, see Section 4.1.2 and Sketch 1.4

m ft

dynamic viscosity of external flow at edge of boundary layer at 
leak station with leak sealed, see Sections 8.1.1, 8.2.1 and 8.3.1

kg/m s slug/ft s

external air density at edge of boundary layer at leak station 
with leak sealed, see Section 4.1.2 and Sketch 1.4

kg/m3 slug/ft3

air density at leak orifice exit plane  in isentropic flow, see 
Section 5.3

kg/m3 slug/ft3

mL
.

 is

mL
.

* is mL
.
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mL
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a)  

b)  

Sketch 1.1  Rectangular leak orifice geometry in a thin plate
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a)  

b)  

Sketch 1.2  Elliptical leak orifice geometry in a thin plate
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Sketch 1.3  Section through flowfield due to a leak discharging into an external stream

Sketch 1.4  External flow when leak is sealed

(L)
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2. INTRODUCTION

This Data Item provides a method of predicting the mass flow rate of a leak which discharges into an
external stream.  A discharge coefficient is used, which is an efficiency parameter enabling the prediction
of the change in mass flow rate from its isentropic value, due to friction, viscous and real gas effects.

The mass flow rate of a leak discharging into an external stream is dependent on the pressure difference
across the leak orifice, the geometry, size and orientation of the leak orifice and the external flow conditions.

The method is derived using flat plate test data for flows discharging into external streams through various
rectangular, square, elliptical and circular orifice geometries in thin plates, see Sketches 1.1 and 1.2.  These
data usefully represent leakage flows into an external stream through well-defined orifice geometries.  In
addition to these geometries the method should also be applicable to other similar geometries.  The method
requires knowledge of the leak orifice area together with values of the maximum orifice dimensions in both
the streamwise direction and perpendicular to it, see Section 3.

The leak geometry is described in Section 3.  Section 4 describes the leak flowfield which for the purposes
of this Item is divided into an external flow and a leakage flow.  The prediction method is given in Section 5
and the accuracy and applicability are presented in Section 6.  The Derivation is given in Section 7 and
worked examples are presented in Section 8.

Appendices A and B derive equations giving the leak mass flow ratio for incompressible and compressible
isentropic flows, respectively.  Appendix C provides the derivation of various equations for choked
isentropic flow.  Appendix D investigates the interaction between the external flow and leakage flow and
Appendix E discusses the likely effect of viscous entrainment on the leakage flow.  Appendix F provides
equations giving the curves in Figures 1 to 4.
6
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3. LEAK GEOMETRY

The leak orifice geometry is described in Section 3.1 and the plenum is defined in Section 3.2.

3.1 Leak Orifice

The method of this Item has been derived using flat plate data for square, rectangular, circular and elliptical
orifice geometries.  In addition to these geometries the method should also be applicable to other similar
geometries, see Section 6.1.

In this Item  is the maximum dimension of the orifice aligned with the direction of the external flow and
 is the maximum dimension perpendicular to the external flow.  These dimensions are shown in

Sketches 1.1 and 1.2 for rectangular and elliptical orifice geometries, respectively.  For the purposes of the
method the leak orifice geometry is defined by the ratio  and the leak orifice area, .

The leak orifice area is 

, (3.1)

for a rectangular orifice and

, (3.2)

for an elliptical orifice.

3.2 Plenum

The plenum is a chamber within the vehicle structure which collects leakage inflows and distributes leakage
outflows.  It is assumed that the flow in the plenum is stationary relative to the plate before exiting via the
leak orifice in the plate.

l
w

w/l AL

AL wl=

AL

4
---wl=
7
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4. LEAK FLOWFIELD

It is useful to divide the leak flowfield into an external flow and a leakage flow.  The external and leakage
flows are described in Sections 4.1 and 4.2, respectively.

4.1 External Flow

An example external flow when a leakage flow is present in shown in Sketch 1.3.  The external flow when
the leak is sealed is shown in Sketch 1.4.  Section 4.1.1 defines the leak station. The external flow conditions
at the leak station when the leak is sealed are usually known.  The mass flow rate in the external stream is
defined in Section 4.1.2.

4.1.1 Leak station

Sketch 1.4 shows the external flow for the case when the leak has been sealed.  The leak station is shown
in this sketch and is located at the centre of the leak orifice (see Sketches 1.1 and 1.2).

4.1.2 Mass flow rate in external stream, 

The external stream is defined here as the flow at the edge of the boundary layer at the leak station when
the leak is sealed, see Sketch 1.4.  In Sketch 1.4  is the stream density,  is the flow velocity and 
is the Mach number at the edge of the boundary layer at the leak station when the leak is sealed. The external
mass flow rate, , is conveniently defined as the mass flow rate of the external stream through a streamtube
with the same cross-sectional area as the leak orifice, so that 

 . (4.1)

The boundary-layer thickness, , is the height of the boundary layer at , where  is the local
velocity in the boundary layer, see Sketch 1.4.  The unit Reynolds number, , is also based on the flow
conditions at the edge of the boundary layer at the leak station when the leak is sealed.

4.2 Leakage Flow

The leakage flow is the flow in the streamtube passing through the leak orifice.  The flow is dependent
primarily on the pressure difference between the plenum and the external flow adjacent to the leak orifice.

A cross-sectional view of a leak orifice with a leakage flow discharging into an external stream is shown
in Sketch 1.3, in which the leak orifice exit plane is denoted by .  The leak mass flow rate, , is the
mass flow rate through the leak orifice.

me
.

e Ve Me

me
.

me
.

e AL Ve=

 V 0.99Ve= V
R1

L  mL
.
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5. METHOD

The leak mass flow rate, , is obtained via a leak mass flow ratio.  The leak mass flow ratio is obtained
by applying a discharge coefficient to a calculated leak mass flow ratio under isentropic conditions.

Various leakage flow pressure coefficients are defined in Section 5.1.  The leak mass flow ratio involving
the discharge coefficient is defined in Section 5.2 and equations giving the mass flow ratio under isentropic
conditions are provided in Section 5.3.  The discharge coefficient is dealt with in Section 5.4.

5.1 Leakage Flow Pressure Coefficients

For a given external flow, the pressure in the plenum determines the leak mass flow rate.  A plenum pressure
coefficient and a critical plenum pressure coefficient are defined in Sections 5.1.1 and 5.1.2, respectively.
A leak exit pressure coefficient and a leak differential pressure coefficient are defined in Sections 5.1.3
and 5.1.4, respectively.

5.1.1 Plenum pressure coefficient, 

The plenum pressure coefficient, , is given by

, (5.1)

where  is the static pressure in the plenum and  is the static pressure of the external flow at the edge
of the boundary layer at the leak station when the leak is sealed.

It is useful to define  as the value of  when there is no leakage flow, defined using .
For a given leak orifice geometry,  has a fixed value.  For a leak orifice opening normal to the
external flow direction (Sketches 1.1 and 1.2),  so that .

5.1.2 Critical plenum pressure coefficient, 

For a given external flow the leakage flow rate is primarily dependent upon the plenum pressure coefficient,
.  When sonic conditions are reached at the leak orifice the flow is said to be choked.

The critical plenum pressure coefficient, , is defined here as the value of  at which the

isentropic leakage flow becomes choked.

For an isentropic flow Equation (C4.2) in Appendix C gives

 , (5.2)

where  is the ratio of specific heat capacities, taken as 1.4 for air.
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5.1.3 Leak exit pressure coefficient, 

The leak exit pressure coefficient, , is the pressure coefficient at the leak orifice exit plane, i.e. 
in Sketch 1.3, and is given by

, (5.3)

where  is the static pressure at the leak orifice exit plane.

The leak exit pressure coefficient for unchoked and choked isentropic leakage flows is given in
Sections 5.1.3.1 and 5.1.3.2, respectively.

5.1.3.1 Unchoked isentropic leakage flow, 

The leakage flow under isentropic conditions is unchoked for subcritical values of plenum pressure

coefficient, .  When the leakage flow is unchoked it is assumed that  remains

constant and is therefore equal to the static pressure in the plenum for the case where there is no leakage

flow, so that

 . (5.4)

For a leak orifice opening normal to the external flow (Sketches 1.1 and 1.2) Section 5.1.1 gives
, so that from Equation (5.4)

 . (5.5)

5.1.3.2 Choked isentropic leakage flow, 

The leakage flow under isentropic conditions is choked for critical and supercritical values of plenum

pressure coefficient, .   For a choked isentropic leakage flow, the leak exit pressure

coefficient, , is 

 , (5.6)

where  is the value of  for a choked isentropic leakage flow.  The value of  varies with plenum

pressure.
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Equation (C3.12) in Appendix C gives

 , (5.7)

where  is the value of   for a choked isentropic leakage flow.  The equation shows that

 varies with  for a given external flow Mach number.

5.1.4 Leak differential pressure coefficient, 

The pressure difference between the plenum and the leak orifice exit plane, , determines the
leakage flow rate.  Hence the leak differential pressure coefficient, , given by

, (5.8)

is a useful parameter that can used be to predict the leakage flow rate.  Equations giving the leak differential
pressure coefficient for unchoked and choked isentropic leakage flows are given in Sections 5.1.4.1
and 5.1.4.2, respectively.

5.1.4.1 Unchoked isentropic leakage flow, 

The leakage flow under isentropic conditions is unchoked for subcritical values of plenum pressure

coefficient, . For an unchoked leakage flow, substituting Equation (5.5) into

Equation (5.8) gives    

 , (5.9)

for a leak orifice opening normal to the external flow (Sketches 1.1 and 1.2).

5.1.4.2 Choked isentropic leakage flow, 

The leakage flow under isentropic conditions is choked for critical and supercritical values of plenum

pressure coefficient, .  From Equation (5.8) the leak differential pressure coefficient

for a choked isentropic flow, , is given by

 . (5.10)
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5.2 Leak Mass Flow Ratio, 

The leak mass flow rate, , is the mass flow rate through the leak orifice, see Sketch 1.3.  Values of 
are predicted using

, (5.11)

where  is the mass flow rate in an isentropic stream (see Section 5.3) and  is a discharge coefficient
(see Section 5.4).  The discharge coefficient is the ratio of actual mass flow rate to the isentropic mass flow
rate.

The leak mass flow ratio is the ratio of the mass flow rate through the leak orifice, , to the mass flow
rate in the external stream,  (see Section 4.1.2).  The leak mass flow ratios associated with subcritical
plenum pressure coefficients are considered in Section 5.2.1.  Similarly, leak mass flow ratios associated
with critical and supercritical plenum pressure coefficients, are considered in Section 5.2.2.

5.2.1 Subcritical plenum pressure coefficient, 

From Equation (5.11) the leak mass flow ratio accounting for friction, viscous and real gas effects is 

. (5.12)

This equation is applicable for incompressible flows and those compressible flows where

.

5.2.2 Critical and supercritical plenum pressure coefficients, 

For critical and supercritical plenum pressure coefficients the leak mass flow rate in the choked isentropic
stream is , see Section 5.3.2.2.

From Equation (5.12) with ,

. (5.13)
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5.3 Leak Isentropic Mass Flow Ratio, 

The mass flow rate, , through the leak orifice at the exit plane  in an isentropic stream is

, (5.14)

where  is the density and  is the velocity of the isentropic stream at .

Combining Equations (4.1) and (5.14) the leak isentropic mass flow ratio is

. (5.15)

Sections 5.3.1 and 5.3.2 present  for incompressible and compressible flows, respectively.

5.3.1 Incompressible flow

For low leakage flow velocities the flow field may be considered to be incompressible and Equation (A4.3)
in Appendix A gives

 . (5.16)

For an incompressible flow field the leakage flow is unchoked, therefore substituting Equation (5.9) into
Equation (5.16) gives

 , (5.17)

for a leak orifice opening normal to the external flow (Sketches 1.1 and 1.2).

5.3.2 Compressible flow

For those cases where the leakage flow cannot be considered incompressible, Equation (B7.4) in
Appendix B gives

. (5.18)

Section 5.3.2.1 presents  for subcritical values of plenum pressure coefficient.  Section 5.3.2.2

presents  for critical and supercritical values of plenum pressure coefficient.  The variations of

 with  and  with  are described in Section 5.3.2.3 for an example flow

field when .
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5.3.2.1 Subcritical plenum pressure coefficient, 

For subcritical plenum pressure coefficients and a leak orifice opening normal to the external flow
(Sketches 1.1 and 1.2) Equation (5.5) gives .  Therefore from Equation (5.3)

. (5.19)

Substituting Equation (5.19) into Equation (5.18) gives

 , (5.20)

in which, from Equation (C3.10) in Appendix C,

 . (5.21)

In the limit as , Equation (5.20) reduces to Equation (5.17).

5.3.2.2 Critical and supercritical plenum pressure coefficients, 

For choked leakage flows Equation (C5.2) in Appendix C gives

 , (5.22)

where  is the choked mass flow rate in an isentropic stream.

Alternatively, Equation (C5.3) in Appendix C gives 

 , (5.23)

for .
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It is assumed that  when  for a leak orifice opening normal to the

external flow (Sketches 1.1 and 1.2), so that Equation (5.22) with  gives 

 , (5.24)

where  is the value of  when .  It should be noted that

Equation (5.24) is only applicable for leakage flows where the leak orifice opens normal to the external

flow (Sketches 1.1 and 1.2).

5.3.2.3 Variation of leak isentropic mass flow ratio with  and 

Sketch 5.1 shows the variation of  with   and  with  for a leak

orifice opening normal to the external flow, when .  The critical plenum pressure coefficient,

, is obtained using Equation (5.2), see Section 5.1.2.

At subcritical values of plenum pressure coefficient, values of  for a leak orifice opening normal

to the external flow are given by Equation (5.20), see Section 5.3.2.1.  From Equation (5.9) 

so that in the construction of Sketch 5.1 it is assumed that  when .

The leak mass flow rate increases as the value of  increases.

At critical and supercritical values of plenum pressure coefficient, , the leakage flow

is choked and values of  for a leak orifice opening normal to the external flow are given by

Equation (5.22) or (5.23).  Values of  are obtained using Equation (5.7) and values of  are

obtained using Equation (5.10).  The density of the leakage flow increases as the value of  increases,

so that the leak mass flow rate also increases with .
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Sketch 5.1  Variation of  with  and  for flush leak orifice with  

5.4 Discharge Coefficient, Kd 

From Equation (5.11), the discharge coefficient, , is the ratio of actual mass flow rate to the isentropic
mass flow rate.  It therefore enables the prediction of the change in leak mass flow rate due to friction,
viscous and real gas effects.  For an unchoked leakage flow discharging into an external stream the discharge
coefficient is greatly influenced by the interaction between the external and leakage flows.

Figure 1 gives the discharge coefficient in terms of  and  for various values of ,

where  is a composite factor accounting for the effects of leak orifice geometry and boundary-layer

thickness.  Linear interpolation for  is acceptable. The effect of the external flow on leak mass flow rate

is greatly influenced by the leak orifice geometry.

The composite factor, , is introduced in Section 5.4.1.  A leak orifice geometry parameter, , and leak
orifice geometry factor, , are used to obtain values of  and are introduced in
Sections 5.4.2 and 5.4.3, respectively.
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5.4.1 Composite factor, F 

The composite factor, , is obtained from Figure 2 which was constructed using rectangular orifice flat
plate test data from Derivation 4.  The dashed line in Figure 2 is tentative due to a paucity of usable test
data for orifice geometries where .  Values of a leak orifice geometry parameter, , (see
Section 5.4.2) and a leak orifice geometry factor, , (see Section 5.4.3) together with the ratio  are
required in order to obtain .  Values of  and  are obtained from Figures 3 and 4, respectively.

5.4.2 Leak orifice geometry parameter, G 

When   the leak orifice has its longest dimension in the direction of the external flow (Sketches 1.1
and 1.2).  For a given value of  the discharge coefficient generally has a larger value for those
orifice geometries where .  (This can be seen by comparing Sketches D3.1 and D3.2 in Appendix D.)
The leak orifice geometry parameter, , is used to account for this effect.  Values of  are obtained from
Figure 3 for , and  for .  The dashed line in Figure 3 is tentative due to a paucity of
usable test data for orifice geometries where .

5.4.3 Leak orifice geometry factor, H 

When   the leak orifice has its shortest dimension in the direction of the external flow (Sketches 1.1
and 1.2).  The leak orifice geometry factor, , accounts for those orifice geometries where .  Values
of  are obtained from Figure 4 for , and  for .  The dashed line in Figure 4 is
tentative due to a paucity of usable test data for orifice geometries where .
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6. ACCURACY AND APPLICABILITY

Sketches 6.1 and 6.2 indicate that the majority of the mass flow ratio test data are predicted within ± 0.05
for the rectangular, square, elliptical and circular orifice geometries identified.  The orifice geometries and
flow field conditions used to obtain the test data are summarised in Tables 6.2a to 6.6.  The limits of
applicability of leak orifice geometry, unit Reynolds number and external flow Mach number are discussed
in Sections 6.1, 6.2 and 6.3, respectively.  The ranges of applicability for various geometric and flow
parameters are summarised in Section 6.4.

6.1 Leak Orifice Geometry

The Derivation 4 flat plate test data indicate that rectangular and elliptical orifice geometries sharing the
same values of  and  have similar values of discharge coefficient.  The method has been derived
using rectangular, square, elliptical and circular orifice geometries.  Hence, in addition to these geometries
it is suggested that the method could also be applicable to other geometries provided that values of , 
and leak orifice area, , are known.

Sketch 6.1 compares predicted values of leak mass flow ratio with flat plate test data from Derivations 3
and 4 for rectangular (including square) leak orifice geometries.  Sketch 6.2 compares predicted values of
leak mass flow ratio with flat plate test data from Derivations 2 and 4 for elliptical (including circular) leak
orifices.  The test data used to derive the method cover rectangular leak orifice geometries over the range

 (including square) and elliptical geometries over the range  (including
circular).  The rectangular orifice data for  in Sketch 6.1 exhibit a bias; the method underpredicts
the leak mass flow ratio for this leak orifice geometry.

6.2 Unit Reynolds Number, R1 

The range of unit Reynolds numbers at which the Derivation 4 test data were obtained is
, see Tables 6.5a, 6.5b and 6.6.  For the Derivation 4 test data

 (see Tables 6.5a, 6.5b and 6.6) and  so that in a large number of the test cases the
leakage flow is likely to be wholly immersed in the boundary layer.  It is assumed that for larger values of
unit Reynolds number the effect of viscosity on the interaction between the leakage flow and external flow
will remain largely unchanged.  Hence for  the method is applicable for  and

.

The range of unit Reynolds numbers at which the Derivation 1 test data were obtained is estimated as
, see Tables 6.2a and 6.2b.  For the Derivation 1 test data 

for  (see Table 6.2a) and  for  (see Table 6.2b).  Hence for these test cases the
leakage flows are likely to be wholly immersed in the boundary layer.  Values of discharge coefficient
obtained from the Derivation 1 test data are significantly larger than those obtained from Derivation 4,
see Sketches D3.1 and D3.2 in Appendix D.  It is thought that this is due to greater viscous effects on the
wholly immersed leakage flows, associated with the much lower values of unit Reynolds number.
Appendix E indicates that at the low unit  Reynolds number  for the wind-tunnel test
discussed, the effect of the leakage flow being wholly immersed in the external flow boundary layer is to
increase the value of discharge coefficient.

The unit Reynolds numbers at which the Derivation 2 flat plate test data for a circular orifice were obtained
are estimated to be  and , see Table 6.3.  For the Derivation 2 circular
orifice data  and 0.45, so that the leakage flows are likely to be partially immersed in the boundary
layer.  Values of discharge coefficient obtained from the Derivation 2 test data are similar to those obtained
from Derivation 4.
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6.2.1 Leakage flow partially immersed in boundary layer

The flat plate test data in Derivations 2, 3 and 4 indicate that for leakage flows partially immersed in a
boundary layer the viscous effects in the boundary layer do not greatly influence the leakage flow.  For
those leak orifice geometries where  the leakage flow is estimated in this Item to be partially
immersed in the boundary layer when .  Similarly, for those leak orifice geometries where 
the leakage flow is taken to be partially immersed in the boundary layer when .  For leak orifice
geometries with  the method is applicable for  for leakage flows where

.  For leak orifice geometries with  the method is applicable for  for
leakage flows where .

6.2.2 Leakage flow wholly immersed in boundary layer

The test data in Derivations 1 and 4 indicate that for leakage flows wholly immersed in a boundary layer,
external flows having low values of unit Reynolds number have the effect of greatly increasing the leak
mass flow rate.  For those leak orifice geometries where  the leakage flow is estimated in this Item
to be wholly immersed in the boundary layer when .  Similarly, for those leak orifice geometries
where  the leakage flow is taken to be wholly immersed in the boundary layer when .

For leak orifice geometries with the method is applicable for  for leakage flows
where .  For leak orifice geometries with  the method is applicable for 
for leakage flows where .

The method does not attempt to account for the increased leak mass flow rate of wholly immersed leakage
flows, which occurs at low values of unit Reynolds number.  Extreme caution should therefore be employed
when using the method for  when  for leak orifice geometries where 
and when  for .

6.3 External Flow Mach Number, Me 

The method is constructed using flat plate test data in which the external flow Mach number is in the range
.  The Derivation 4 test data in Sketches D3.1 and D3.2 in Appendix D indicate that 

increases in value as the external flow Mach number increases, for the larger values of .

6.4 Ranges of Applicability

The dashed lines in Figures 2 to 4 are tentative and indicate ranges of  where usable test data are scarce,
see Tables 6.4 to 6.6.  The dashed line for   in Figure 1 is an extrapolation of the discharge coefficient
data obtained from Derivation 2.

Table 6.1 gives the ranges of applicability of various parameters identified above.  Also given is the lower
boundary of applicability for Reynolds number based on boundary-layer thickness, .  The ranges of
applicability were determined by the orifice geometries and flow conditions at which the available test data
were obtained.  The lower boundaries of applicability for  and  are provided by the Derivation 3
flat plate test data where  and , see Table 6.4.
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