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PREFACE

In Sweden, as well as in many other contries, the o0il crisis of 1974

and several events in world politics since then have implied needs for
energy saving purposes of different kinds. About 40 % of the energy

for heating our buildings is used for ventilation. Since the ventilation
rate, which should be settled from the physiological point of view
primarily, cannot be fixed at a desired level unless the house envelope
has a high degree of airtightness, different measures have to be under-
taken to obtain the airtightness. A lack of knowledge within the disci-
pline of Building Physics, concerning the physics of air flow in building
components which makes proper calculations difficult to perform, was
early identified. At the Division of Building Technology at Lund Insti-
tute of Technology, we considered such a research task to be interesting
and profitable for the discipline as a whole. This made us start the
research project which is reported in this work. The work was backed up
by the "Airtightness group" of the National Swedish Council for Building
Research. The research project has been sponsored mainly by the Council
which is gratefully acknowledged.

There are a number of people to whom I owe considerable debts of gratitude
for their efforts in supporting me in the work of preparing this thesis.
Lars Erik Nevander, head of the Division and my supervisor, taught me a
great deal about how scientific research should be carried out. He also
gladly shared his great wealth of ideas with me during this work.

Claes Bankvall, my predecessor at the Division, now chief engineer at

the Swedish Testing Institute has been a true discussion partner and has
also contributed with a number of valuable ideas.

Ann-Charlotte Andersson, my dear colleague at the Division, assisted me
to a considerable degree in the work with the computer calculations

and at my request modified one of her many computer programs to make it
capable of solving problems of air flows in both materials and ducts in
materials.

Agneta Ohlsson, research engineer at the Division, carried out the Tabora-
tory work of the experimental investigations in a very careful and dis-
cerning way.

Ulf Leander, the Division™s right hand man in electronics etc., coritri-
buted to the work with innumerable hints, ideas and solutions, not only

within his own special field.



Lena Thorell, secretary at the Division, managed the financial
administration of the research grant, thus for instance seeing to
it that my salary arrived every month. Lena also typed the manu-
script - rapidly, carefully and with great patience.

Lilian Johansson, technician and "art director” of the Division,
performed the drawing of the numerous figures and handled the
lay-out of the thesis with great accuracy and efficiency.

Also my other colleagues at the Division; Sven Strandberg, Lars
Oh1sson, Gudni Johannesson, Alf Hansson and Carl Axel Hoppe have
given their support in various ways.

Lisbeth, Maria and Cecilia, i.e. my family, have had to put up
with my frequent absence from them, especially during the last
six months. In spite of this, I think they have been my most
devoted supporters.

Thank you very much, all of you!

Lund, October 1980

Johnny Kronvall
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SUMMARY

This work deals with different aspects of air movements in building
components. The investigation shows to what degree the concept of fluid
mechanics can be applied to problems concerning air flows in building
componenets. The applicable parts of fluid mechanics are presented as
thoroughly as possible. Based on this concept, routines are outlined

to make it possible to handle complex flow and pressure distribution
problems. Both manual and computer calculation routines are described
and the way they can be used is demonstrated in a number of examples.

Experimental investigations concerning determination of surface rough-
ness of plates - instead of that of pipes which almost always has been
investigated earlier - were carried out. A test device for this purpose
was designed and tested on a number of building materials. Also magni-
tudes of contraction and bend loss factors were investigated experi-

mentally.

Since, in practice, pressure differences acting across building components
are seldom steady, the influence of fluctuating pressure differences was
investigated theoretically. The analysis shows that rapid fluctuations
influence the flow rate only a littie. If the fluctuations are slow it

is possible to calculate the flow rate as if the problem was a steady

state one, using time averaged pressure difference values.

Leakage characteristics of different building components are reviewed and
the air Teakage behaviour of whole building envelopes is discussed. The
great effect of entrance, bend, exit and orifice pressure losses is empha-
sized, and their influences on both Teakage rate and flow characteristics
are shown. An additional part of the so-called pressurization test, taking
the form of the leakage rate - pressure difference curve into account, is
suggested. Such a procedure could imply a new possibility of detecting
large, and maybe hidden, flow paths giving rise to substantial contributions
to the total leakage rate of a building.

Some tables are alsc included. They cover surface roughness, permeability
and porosity data of different building materials. An extensive Tist of

references is given.



LIST OF SYMBOLS

quantity unit
A flow coefficient m/(s - Pab)
A cross sectional area m2
A admittance m3/(s - Pa)
a  air diffusivity /s
B flow exponent -
B fluid permeance coefficient m
Be dimensionless quantity (see eq. 2.3.2.4.d) -
B0 fluid permeability coefficient m2
b crack/duct width
C correction factor -
Cd coefficient of discharge -
C shape factor -
d diameter of a tube, distance m
d breadth of a crack, running metre
dH hydraulic diameter m
F relative time -
f frequency Hz
f] leakage function
g acceleration of free fall m/s2
h gap width between rough surfaces m
I electrical current A
KC contraction factor -
Ke expansion factor -
k factor (eq. 5.2.b) -
L (total) Tength
1 length (in flow direction) m
m mass kg
n number -
n unit vector -
P porosity -
p pressure Pa
q, volume flow rate m3/s
q mass flow rate kg/s

3
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quantity

Reynolds number

wetted perimeter

radius of a circle or sphere

estimated standard deviation
temperature

time

voltage

local velocity component in x-direction
average (bulk) velocity

local velocity component in y-direction
velocity vector

relative pressure

local velocity component in z-direction
length coordinate

electrical admittance

length coordinate

length coordinate

flow rate coefficient,

flow exponent

surface direction characteristic
roughness amplitudes

surface roughness

initial phase angle log

relative length

dynamic viscosity

temperature

compressibility

friction factor

kinematic viscosity

loss factor

contraction loss factor

bend loss factor

expansion loss factor

ratio circumference/diameter of a circle

unit

m/s
m/s
m/s

. PaB)
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quantity

density

correlation coefficient
standard deviation
ratio of constriction area to frontal area
relative humidity
potential (field)
pressure flow factor
phase angle

geometrical function
stream function
periphery velocity

unit
kg/m3

(any)

rad

rad/s



1 INTRODUCTION AND BACKGROUND

Heat transfer and moisture transfer are traditional parts of a knowledge
complex sometimes denoted Building Physics. This discipline deals, in
general terms, with the protection of buildings and maintenance of a good
indoor climate under the influence of the outdoor climatic conditions.

In addition to the parts of building physics mentioned above, knowledge

of air tightness behaviour of buildings and building components is essen-
tial if a proper climate protection is to be achieved. Attempts to predict
air infiltration rates and air flows in building components on the whole,
and also intentional flows, have hitherto been difficult to perform. To

a considerable degree this is actually due to a certain idleness on the
building designers™ and researchers” part,since considerable basic know-
ledge exists within other disciplines. In fact very rough methods of cal-
culating air flow rates have been used. In this respect perhaps the Hagen-
Poiseuille equation for flow between parallel planes is one of the most
misused equations. Knowledge of surface roughness and the magnitude of

the influence of this property for different flow cases has been poor.
Permeability data concerning building materials have been - and still

are - uncertain.

Quite a Tot of effort has been spent on research concerning natural con-
vection, both in building components and rooms. Apart from only a few
early works, the concept of forced convection has been investigated just
Tittle until very recently, say the last five to ten years.

The aim of this work has been to:
o investigate how, and to what degree the concept of fluid mechanics can
be applied to problems concerning air flows in building components

caused by forced convection

o produce calculation routines capable of handling also large and complex
flow and pressure distribution problems

o investigate and interpret present knowledge of air leakage behaviour

of buildings and building components



o investigate the influence of non steady state pressure difference act-

ing on a building component

0 design and test an experimental procedure for determination of surface

roughness of plates

o expand the knowledge of the magnitude of the surface roughness of build-

ing materials

0 study experimentally the magnitude of entrance and bend Tosses in duct

flow.

If this aim has been fulfilled a powerful potential of making important
and interesting applications and expansions exists. Thus if heat transfer
is linked to the concept of this work, for example, interesting calcula-
tions concerning the effects of air movements in heat insulation materials
can be done. A first attempt of tackling this is reported in Kronvall
(1980 C).

Another important complex problem in building physics, namely that of
moisture convection could be investigated if heat, moisture and air flows,
can be taken into consideration simultaneously. However, this is Tikely

to be an extensive task and lies definitely out of the scope of this work.



2 APPLICABLE PARTS OF FLUID MECHANICS

2.1 BASIC DEFINITIONS AND CONCEPT

Fluid mechanics deals with fluids - their properties and the pheno-
mena associated with the fluids at rest or in motion. A fluid may be
either a Tiquid or a gas. Transport phenomena associated with fluid flow

are also known as convection or convective mass transfer.

Convection may be either natural or forced. Natural convection is

governed by forces acting upon any small part of the fluid while forced
convection is governed by forces acting from outside the fluid. Fluid
flow caused by density differences between different parts of a fluid
under influence of the gravitation is an example of natural convection
while gas flow caused by a fan or 1iquid flow caused by a pump are examp-
les of forced convection.

There are two possible aspects of the mechanics of fluids;a macroscopic
and a microscopic. The macroscopic aspect involves what may be called

"a continuous matter theory" meaning that the fluid is treated as a con-
tinuous medium, its motion being determined if the motion of every mate-
rial point of the fluid is given by mathematical equations. The micro-

scopic aspect is obtained if the molecule structure of the fluid is taken

into account. Usually the microscopic aspect results only in minor correc-
tions to the equations of the continuous matter theory. For most cases of
practical interest the macroscopic aspect holds very well.

The motion of a fluid, regarded as a continuum, is geometrically described
if the position of every material point of the fluid is known at every
time. There are three basic equations which form the basis of the mathema-
tical description of fluids in motion. They are

o the continuity equation

0 the momentum equation

o0 the energy equation

They are normally expressed mathematically as a system of differential
equations. An additional set of initial and/or boundary conditions is
needed to make the problem fully determined.
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The continuity equation states that mass inflow to a control volume

equals the mass outflow from it. This is mathematically described as:

5 3 3 9
X (pu) + 3y (pv) + 37 (ow) = - 3t (2.1.a)

where x, y and z are coordinates in a Cartesian coordinate system, o is

the density of the fluid and u, v and w are the Tocal velocity components
in the x, y and z directions respectively. With a vector notation where V=
= (u, v, w), (the Tocal velocity vector), the continuity equation can be
written:

(2.1.b)

| @
23

div (pv) = v - (pv) = -

where v denotes the nabla operator. This is the general form of the conti-
nuity equation. Various simplifications are possible in particular prob-
lems, however. These are summarized in table 2.1.a.

TABLE 2.1.a. Different forms of the continuity equation.

Form of continuity Applicable conditions
equation
v - (p- V) = —-%% Any, except where fluid is supplied

or withdrawn

v (pv) =0 Steady flow, local values independent
of time

v.v=20 Steady flow of incompressible fluid

2 (pu) = -2 One-dimensional flow

x P ot

g&-(pu) =0 = Steady, one-dimensional flow

=> pu = constant and

q, = A . u = constant Steady volume flow (incompressible
fluid)
q =p - A . u = constant Steady mass flow




"

The momentum equation is based on Newton”s second law of motion. It states

that the change in momentum as the fluid flows through a control volume is
equal to all external forces acting on the control surface or volume. If
the fluid is incompressible (p = constant) and has constant viscosity (n =
= constant) it is stated:

Local accele- Pressure force Viscous force
ration er unit volume er unit volume
1 E_L_ ___E__
6 (V. yV) = VP40 G nvEV (2.1.c)
ot -2
Convective Body force per
acceleration unit volume

The equation (2.1.c) is often referred to as the Navier-Stokes equation.

In the x-direction of a Cartesian system eq. (2.1.c) can be written:

au au v Wy
p g tugg t Vg W) "
2 22
__ap 3%u % 9%
= -4t pg + n ( 5t * 2) (2.1.d)

X ay 0z

In eq. (2.1.c) and (2.1.d) n denotes the dynamic viscosity (Ns/mzl If the
viscosity is zero, eq. (2.1.c) reduces to:

p(%+v.vv)=-v5+p-g (2.1.e)
commonly known as Euler flow.

Only for very simple cases is it possible to solve either of the equations
(2.1.b) to(2.1.e) in these forms. Further use of them is possible by intro-
ducing a stream function ¢ or a velocity potential ¢. In the general 3-
dimensional form the use of ¢ facilitates integration of the equatijons
rather than the stream function. The potential ¢ is defined by the follow-
ing relationships:

= - _ 9%
u___, vV = — W_—;E (2-1.f)
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As the continuity equation states that

- 3
v (ev) = -2

and if the fluid is assumed to be incompressible (%%) = 0 this leads to:

vo 4 =0 (2.1.9)
or
2 2 2
3¢ , 8¢ , 3¢ _
+24 4330 (2.1.h)

BXZ oy oZ
commonly known as the Laplace equation.

The energy equation is perhaps one of the most widely used equation in

fluid mechanics. It can be formulated in many different ways depending
on what kind of energy is concerned but it generally states that the
energy content of a control volume is constant.

The energy equation is used in the form of the Bernoulli equation for the
majority of fluid mechanics problems either in the form

2

P u- . :
+ 7z + 73 constant (2.1.3)

o« 9

for incompressible flows, or

dp
o - 9

s dz + Y du

=0 (2.1.k)
for compressible fluids.
(2.1.3) may also be written:

p+z-p-g+p u2/2 = constant (2.1.1)

where the three terms represent different kinds of energy; pressure,
potential and kinetic energy.
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A fluid flow may be characterized as Taminar, transitional or turbulent.

The characterization is based on the nature of the flow at a certain point
of a flow field and at a certain time. These natures of fluid flow were
investigated in the classical experiments of Reynolds (1883). A sketch of

the apparatus used by him is illustrated in figure 2.1.a.

Turbulent flow

FIG. 2.1.a. Reynolds experimental investigation of the transition to
turbulence.

A dye streak was injected into the water that entered the tube from a
reservoir. Reynolds observed two distinct types of flow. In the first the
dye streak maintained its identity and remained in the centre of the

tube. This Taminar flow is characterized by smooth motion of one lamina

of fluid past another. In the second flow the dye streak was soon dispersed
throughout the tube when the laminar flow that existed at-the entrance
underwent the transition to turbulent flow. This flow is characterized
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by an irregular and (nearly) random motion superimposed on the main
motion of the fluid. The mixing causes a momentum exchange in the trans-
verse direction. The longitudinal pressure gradient is proportional to
the square of the velocity.

Reynolds also found that the transition from laminar to turbulent flow
in a pipe could be correlated by a dimensionless group which is now known
as the Reynolds number (Re), defined as:

u_ -d

Re = — (2.1.m)

where:

u. = average velocity in the flow direction (m/s)
d the diameter of the tube (m)

v the kinematic viscosity (mz/s)

H

In fact Re describes the ratio between viscous force and inertia force
of a small fluid element.

In the case of a pipe the critical value of Re, sometimes denoted Recr’
often given lies between 2000 and 2500 but it has been found that laminar
(streamline) flow may exist up to Re = 40 000 using an exceptionally
smooth inlet. For Re > 4000 in pipe flow the flow is normally turbulent.
The region between Recr and 4000 is called the transition region within
which the flow alternates between laminar and turbulent with respect to
time.

It should be emphasized that the dynamic similarity at the same Re of two
systems, which is explained above, is valid only if v . vv is equal to
zero, i.e. for pipe flow the case with a straight tube.
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2.2 THE PHYSICS OF FLOW THROUGH AIR PERMEABLE MATERIALS

2.2.1 Permeability

An air permeable material permits air to flow through it when a pressure
difference acts across it. In its macro structure an air-permeable material
must contain air flow paths going all the way through the material sample.
In porous materials which are the most common when building materials are
concerned the flow paths often consist of interconnected pores. Air flow

is possible only if at least part of the pore space is interconnected.

The interconnected part of the pore system is called the effective pore
space of the porous medium. Scheidegger (1963).

The permeability of a material is a property which states the degree of
easiness for a fluid to pass through the material under the influence of a
pressure gradient. The permeability is in other words the fluid flow con-
ductivity of a permeable material. The permeability is determined by the
structure of the material.

The fluid permeability coefficient is defined by

B. = - SX.. n (2.2.1.a)
0 A grad p e

where:

B0 = the fluid permeability coefficient, m2

q, = the volume flow rate across A, m3/s

A = the cross-sectional area, m2

the dynamic viscosity, Ns/m2

the total pressure, Pa

BO has the dimension of length squared On% and it is roughly a measure of
the mean square pore diameter of the material. Bankvall (1972). This coeffi-
cient has the advantage, compared to other permeability coefficients some-
times used, of being dependent only of the medium and not the fluid. The
fluid property that describes the specific fluid is the dynamic viscosity.

A permeable medium is normally assumed to be homogenous which means that
its bulk properties do not vary (much). However, a homogenous
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material does not have to be isotropic butmay be anisotropic. Such a

material does not have the same permeability in all directions. Mineral-

and glassfibre wool are examples of such materials.
For an anisotropic material the permeability equation will be written
q, = - (Bg/ n) grad p (2.2.1.b)

where QE is a symmetric tensor. The tensor may be properly referred to
as the "permeability tensor" of the porous medium and it is written:

(B 00 |
By ={ 0 By, O (2.2.1.c)
0 0 B
Z

The directional permeability coefficient B'O, may be written as:

B =n - B0

0 -n (2.2.1.d)

where n is a unit vector along the flow direction. n = (nX, ny, nx).
If this is written out, one obtains:

(2.2.1.¢e)
This is the general equation of a ellipsoid and therefore it is some-

times called the permeability ellipsoid. Its axes have the lengths equal
to the inverse square root of the principal permeabilities.

The fact that the tensor is symmetric leads to the following conclusions.

0 Generally, the force potential gradient grad p and the flow a& are not
paraliel.

0 There exist three ortogonal "principal axes” in space of the perme-

ability tensor, along which the pressure gradient and the flow have the

same direction.
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The task remains to relate the components of §6'to directional permeabi-
1ity measurements. Scheidegger (1973) gives the following theorem:

"If the inverse of the square root of the directional permeability, Bé,
is measured on all of the corresponding directions in a point of an an-
isotropic porous medium, then one obtains an ellipsoid. The axes of the
latter are in the directions of the principal axes of permeability,

their Tength being equal to the inverse square roots of the principal
permeabilies.”

This is demonstrated in figure 2.2.a.

60° 70° 80°  90°  100° 1o° 20°

507 ol JAB, 130°
2
5o/ No
2
407 //AF [ 140°
> -
30° o Sy T A 150°
. 1L 006 N
20 > 3\ oo
0° : 70°
A
o PRINCIPAL AXIS)
0 20 g s0°
\ €0,
350N 190°
\ 4
0
340 N ¢ 200°
~ i /
330° P SV A A EE ) o 210°
320°'< a 220°
zi0°f 230°

300° 290° 280° 270° 260° 250° 240°

FIG. 2.2.1.a. Polar permeability diagram. The actually measured values
(squares) fit ona complicated curve (broken line) which corre-
sponds to an ellipse (solid) if BO_% were drawnlinstead of
BO' The circles correspond to the values of B0 # as measured.
(After Scheidegger (1954) and Johnson and Hughes (1948)).
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2.2.2 Equations for flow through air-permeable materials

Equation (2.2.1.a)

By

- . grad p (2.2.2.a)
n

u =
is based on the experiments of Darcy (1856) and therefore called Darcy”s
Law. In this form the law has been proved to be valid for non-compressible
steady state flow through porous media of homogeneous permeability. It is
valid for anisotropic media if the permeability tensor Ba'is used instead
of BO'

Darcy”s lLaw represents a solution of Laplace”s equation, eq (2.1.g - h)

i.e.
vo ¢ =0

¢ is a scalar (potential) field. The potential in these cases is the

total pressure p. For other applications it may be for example temperature,
(K) or electric potential (V). This makes it possible to use solutions
from other fields of physics such as the theory of conduction of heat in
solids and electrical potential theory.

If the fluid in motion is compressible Laplace™s equation is not applicable.
However, Leibenzon (1947) pointed out that

P

W2 odp = 0 (2.2.2.b)

Po

gives the solutions for this case. For example in the one-dimensional
case for an ideal gas.

B B
-0, dpy __0p2_p2
ug = = - (dx)0 = - (PL DO )y / (2 PO L) (2.2.2.c)
where
p(X=0)=p0
p(x = L) = P
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Below a number of solutions for steady state flow of specific geometri-
cal configurations are given. Most of them are based on transformations
before solving the Laplace equation.

For two-dimensional steady flow in a region bounded by a polygon it is
theoretically possible to find the proper transformation for solution of
Laplace™s equation by the use of the so-called "Schwarz-Christoffel theo-
rem", Christoffel (1867) and Schwarz (1869). Solutions obtained by use

of that theorem are given by, for example, Carslaw & Jaeger (1959), Welty
(1974) and Kutateladze & Borishanskii (1966). The solutions are all worked
out for temperature fields but the results are of course quite applicable
on fluid flow fields too.

1. Two-dimensional radial flow of an incompressible fluid into (from) a

well which completely penetrates the fluid-bearing medium. See figure
2.2.2.a!l

FIG. 2.2.2.a.

For this case:

, B .
T, = T (p1 - pO) (2.2.2.d)
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2. Three dimensional radial flow of an incompressible fluid from a point
source into an infinite half sphere.

F1G. 2.2.2.b.

a, = — -« (py = py) - 2mr (2.2.2.e)

3. A cylinder at a certain distance from a plane; the cylinder and the
plane being isothermals. (Cf. the steady loss of heat from a buried cable,
Melsom & Booth (1915))

FIG. 2.2.2.c.

g
v 1d
T )

—_— - n - —_—
= (py - py) /(5 B, cosh * = (2.2.2.1)

if r<<Klandd>3r.
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4. A thin disc at a certain distance from a plane; the disc and the plane

being isothermals.

DR N N S S N N N S B S S
emeetetetetet N N Nt N .

2.2.2.d.

FIG.

(2.2.2.9)

2.22 r
1-r/ 2.834d

5. A sphere at a certain distance from a plane; the sphere and the plane

be

thermals.

ing iso

i

2.2.2.e.

FIG.
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B
gy = 2 - (py - py) ¢ T (2.2.2.h)
1 -r/20
6. Two cylinders in an infinite homogeneous medium.
FIG. 2.2.2.f.
q, B
V.0, - 2m i
=5 (P mpp) > (2.2.2.1)

-1 2 2
cosh ' ((d° - ryo-r 2) / 2r1 rz)

7. Long thin slab at a certain distance from a plane; the slab and the
plane being isothermals.

FIG. 2.2.2.9.
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Vertical slab:

q B

A 0 (py - p,) / 0.42 (9)0'24 (2.2.2.k)
] n 1 2 a

Horizontal slab:

q B

YDy - py) /038 (§0-32 (2.2.2.1)
1 3

These relationships are valid only if 0.5 S'g-§_12.

8. Circular ring at a certain distance from a plane; the ring and the

plane being isothermals.

FIG. 2.2.2.h.

FIG. 2.2.2.h.

B
_ 0, - 2.2.2.m
a, = - (Pp = Pp) /R ( )
where
: 4 rs
n____.
1 8 -1y d
R = In — (1 + ———) (2.2.2.n)
41 v 1 8r
2 1 2
n
"

Valid if r1 K d <KL rs
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2.3 FLOW THROUGH DUCTS, CRACKS, HOLES ETC

2.3.1 General concept

The aim is - generally speaking - to establish relationships between
pressure difference between the openings of a flow path, a geometri-
cal description of the flow path and the resulting flow rate. An example

of a flow path is shown in figure 2.3.a.

FIG. 2.3.1.a. Example of a flow path. b = crack (duct) width (m), 1 =
= length in flow direction (m), € = surface roughness (m),
p = total pressure (Pa), d = breadth of crack (duct)

(running metre).

Other complications may occur such as converging or diverging sides of
the crack (duct) or part(s) of the duct being filled with some permeable
medium.

It is quite obvious that the solving of such problems arising in practice
is almost always impossible by use of basic equations, i.e. Navier -
Stokes equations, because of the relative complexity of the problems.

This leads into a need for simplifications and the most relevant one,

if complicated numerical solutions are excluded for the moment, is the con-
cept of pipe flow. This originates from the 19th and 20th century.
Especially in the 19307s and 1940"s much effort was spent on the work of
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getting a concept well adapted to practical needs. This is mainly ascribed
to Nikuradse, Colebrook and Moody. (Specific references are given below).
Few problems in building physics, however, deal with pure pipe flow. For-
tunately flow through conduits of other shapes may be handled by use of

a so called hydraulic diameter making it possible to use the concept of
pipe flow for duct flow etc. too.

In this work the hydraulic diameter, dH, is defined as:

4 2 AA

HE 5 (2.3.1.a)

where A is the area of the cross section of the conduit and R is the so-
called wetted perimeter i.e. in the cases of gas flow equal to the circum-
ference of the cross section.

Examples:

Circle (diameter=d):

4 . ’IT(‘g“)Z

fol}

4 -4-m -a-b _2VZab

SR - A F:
"2

Rectangular duct (sides a and b):

- 4 . a - b _ 2 ab
2(a + b) a+b

dy

Parallel planes (distance = b):

Let a >> b in the expression above.

d,=20b

H
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For rectangular channels it might be interesting to see at what aspect
ratio (a/b) the hydraulic diameter can with reasonable accuracy be put

to 2b. dH vs. a/b is plotted in figure 2.3.1.b. The choice of degree of

"reasonable accuracy" is left to the reader.

HYDRAULIC DIAMETER, dQ
2.0b —

1.8 b
1.6b-
1.4 b-

1.2b-
1.0b-
0.8b ~
b] [7 7 7
A ~ v

0.6b-

0.4b- “ a
0.2 b
0

—

-

A—

U UU.
0O 10 20 30 40 50 60 70 80 S0 100
ASPECT RATIO,a’/b

FIG. 2.3.1.b. The hydraulic diameter,dH, for different values of the
aspect ratio, a/b for a rectangular channel.

The use of the hydraulic diameter concept is based on an assumption of
evenly distributed wall shear stresses over the circumference of the con-
duit. Many experiments have proved that in practice this is the case too.
Evenly distributed wall shear stresses are equivalent to an even distribu-
tion of the local velocity near the walls. Figure 2.3.1.c.
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FIG. 2.3.1.c. Velocity distribution in a rectangular channel. After
Goldstein (1965).

These conditions can be explanined by the existance of secondary flows
(first done by Prandtl (1926)). See figure 2.3.1.d.

e —— e —

S ...)(

FIG. 2.3.1.d. Secondary flows. After Goldstein (1965).

8mm



28

Having a property, dH,describing the geometry of the cross section of the
conduit the pressure loss along the flow in the conduit is expressed by
the general friction formula - sometimes denoted the Darcy - Weisbach for-

mula:
pu 2
M= A - %_.. 2 (2.3.1.b)
H
where

Ap = pressure loss, Pa

» = friction factor, (-)

1 = Tength in flow direction, (m)
dH = hydraulic diameter, (m)

o = density of the fluid, (kg/m)
average (bulk) velocity, (m/s)

The magnitude of the friction factor will be evaluated in the forthcoming
parts for laminar and turbulent flow.

Gas flow in pipes, ducts, cracks etc is dependent on geometry and surface
roughness and in a rigorous analysis heat transfer too. In many cases it
is possible, however, to assume isothermal conditions; see for example
Chivers & Mitchell (1971), without great differences from the more exact
thermodynamic approach. This assumption simplifies the analyses consider-
ably.

2.3.2 Flow in closed conduits

2.3.2.1 Laminar flow

For one-dimensional, Taminar, stationary flow between two infinite walls
at a certain distance from each other it is possible to obtain a direct
solution of the Navier - Stokes equation. The equation will take the form

oX 3y

(2.3.2.1.a)
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u(y)

P

bl L_l ) _____ _
x .
FIG. 2.3.2.1.a.
o%u _ _ap
5 =
Yy X i
ay X n
2
u(y) = -2 . ey c)
2 1 2

X n
U=u.. when y = 0§ so
(24) should be equal to 0 and
3y 'y =0 a
32u
C~—7) -0 should be less than 0
dy Y=

c1 =0

u = 0 wh

0=-2P
X
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(2.3.2.1.b)
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So:
u(y) = - - EE»((%)Z - ¥9) (2.3.2.1.c)
2n 99X
+b/2 2
Uy = T uly) dy =-§E—l;9———~— (2.3.2.1.d)
_b/2 12 - . N

Equation (2.3.2.1.d) is commonly referred to as the Hagen-Poiseuille
equation, first published by Poiseuille (1841) and Hagen (1839). The
pressure drop along the flow is:

2u, - mn- 1
Ap = 5 (2.3.2.1.e)
b
Since
um-dH U, 2b - o
Re: =
v n

Ap = % . H— . > (2.3.2.1.'[:)

This is a form of the common hydraulic resistance formula where the fric-
tion factor, A

r =38 (2.3.2.1.9)

Note, however, that rough walls close to each other influence the flow
rate - see part 2.3.2.3.p.

It should be mentioned that for a circular cross section:

A= Re (2.3.2.1.h)
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Jones (1976) gives a geometrical function, based on a work by Cornisch (1928)
to make calculations for any rectangular cross-section possible. The
appropriate dimensional factor in question, ¢*(b/d), is taken to produce
the following equation for the friction factor:

N - S (2.3.2.1.1)

#*(b/d) - Re
where Re is the standard Reynolds number based on the hydraulic diameter.
The quantity ¢*(b/d). Re 1is denoted Re* and according to Jones (1976)
happens to be valid instead of Re for turbulent flow too.

ox®) = L - B2 o T tanh (21 T2 By (5 3 5 4 4)
d b 7 b n=0 (2n+1) 2 d
The function ¢*(%), designed actual, is shown graphically in figure 2.3.2.1.b.

ASPECT RATIO FUNCTION, ¢* (b/d)
|

1.1

1.0

0.9

0.8-
0.7
0 ‘T’ T T T l =
0 0.2 04 0.6 0.8 1.0
ASPECT RATIO, b/d
FIG. 2.3.2.1.b. Geometrical function ¢*(9).

d
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An approximate relationship which will give ¢* within about 2 percent is

2 11 d d
o ( ) S+ o7 BA(Z _.B) (2.3.2.1.k)
which has the correct limits and slope at d/b—>1, c¢f. figure 2.3.2.1.b.

The velocity profile in a pipe with rectangular cross section with sides

a and b in the directions of y and z respectively could be solved from
the following differential equation (Happel & Brenner (1965):

_ _ AP } ® mvry mrz [njr_Z_
u = Z]—Ty(ya\)+mi1 sin(=7)- (A cosh & +B sinh ) (2.3.2.1.1)

The coefficients Am and Bm are evaluated by means of Fourier transformation
and the side length b enters as a boundary condition.

By integration we obtain the flow rate q,°

W = 20+

AP nECE b(a +b2) §¢§E~- ; —~—l——§ a4 tanh (22;1 meb)+
m n-] n=1 (2”"1)

+ b% tann (3;‘—51 'r.ra:} (2.3.2.1.m)

An exact solution for a pipe having a cross section of an equilateral
triangle with sides of length b yields:

4
= V3'- ap - b (2.3.2.1.n)
320 n 1

2.3.2.2 Transitional & turbulent flow

When the flow characteristic turns over from laminar flow in a closed con-
duit matters turn out to be a bit more complicated than was the case for
laminar flow. The friction factor, A, for laminar flow is depending on Re
only. However, the surface roughness has an influence in cases when the
sides of the channel are very rough - see part 2.3.2.3. A depends on
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both Re and the surface roughness of the walls relative to the hydraulic
diameter in the transitional and turbulent case. Some authors, Hopf (1923)
and Fromm (1923) have claimed that ) in these cases is dependent on the
planeness of the walls too but this has not,as far as is known, been com-
mented upon later in the literature with exception of Nikuradse (1933)
and Bretting (1960) who both in passing mention the phenomenon.

Surface roughness 1is discussed further in part 2.3.2.3 and the authors
experiments on this subject are presented in part 3.1.

The flow resistance for transitional and turbulent flow was investigated
extensively by, among others, Nikuradse (1926 - 1933), Drew et al. (1932)
Colebrook (1938) and Moody (1944). One of the most frequently used work

of reference for determining flow resistance since then is the so called
Moody diagram for pipe flow. Figure 2.3.2.2.a. The analytical relation-
ships on which the diagram is based originates from the earlier investiga-
tions referred to above.

D\
rricTion O 2OT—3) &)
FACTOR A E7du
0.070 \, 96 == X 5
\- e ™~ A S 4
0.060 s< N
s\‘\ ‘\ 3
0.050 5<:~=\~-__ = 2
N \:Q\ R LY
VAN ~ 15
0040 T AN &‘\\\ \ -2
\ N \\\¥ 10
\ \\\\\\:::: A g
0.030 —~— L
2
=~ |
0.020 \*\\ < 1073
. < 8
\\ ~. 2
0.015 ~p— Al
\\\‘ o
\\ hES 2
\\\‘~\\""“‘——* >, 1074
\\ ~N
— o 5
0.010 N ~
~
0.009 R 5
0.008
——
0.007 ‘\§§§‘=\ >
\§10‘6
0.006 107
103 2 5 104 2 5 105 2 5 108 2 5 107 2 5 108
REYNOLDS ' NUMBER
1 = LAMINAR ELOW
2 = CRITICAL ZONE
3 - TRANSITION ZONE
4 = COMPLETE TURBULENCE

FIG. 2.3.3. a. Moody diagram.
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As mentioned, the Moody diagram is made for flow in pipes with circular
cross section. However, with some modifications, it will be applicable
for flow in conduits with other cross sections such as rectangular and
triangular ones. In the diagram, curves for the friction factor A versus
Re are plotted to Togarithmic scales for various constant values of the
relative roughness e/d.

The field covered by the Moody-diagram can be divided into four areas,

each of them representing specific flow characteristics.

1. The first is the region of Taminar flow up to a critical number,

Recr (= 2000 in the diagram). Here the flow is fully stabilized under the
control of viscous forces which damp out turbulence. A steady turbulent
flow is impossible in any round pipe below a certain value. The most com-
monly reported value is that of Schiller (1925) who found Re| ¢ = 2320

where Re, . stands for "Tower Reynolds criterion". For ducts , however,

LC
the critical Reynolds number is not known to that degree of certainty.
Lin (1955), for example, obtained by means of a stability-analysis

Re = 5300 (2.3.2.2.a)

crit, Lin
while Hahnemann & Ehret (1941), (1942) report from their extensive measure-
ments

Re = 3000 (2.3.2.2.b)

crit
The values of 3 in this region are given by a single curve, ) = 64/Re,
independent of roughness, representing the Hagen-Poisseuille Law. As men-
tioned above this law states that ) = 96/Re for flow between infinite
parallel plates.

2. Between Re = Recr and Re = 3000 to 4000 the flow conditions depend up-
on the initial turbulence due to such extraneous factors as sudden section-
changes, obstructions or a sharp-edged entrance corner prior to the reach
of pipe considered,and the conditions are probably also affected by pres-
sure waves initiating instability. This region is called the critical zone.

The minimum value of X in the critical zone is the dotted continuation of
the laminar flow-line. However, the flow is likely to be pulsating rather
than steady. Prandtl (1965). Attempts to connect the laminar flow-Tline
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with the curves to the right of the critical zone have been suggested but
the procedure seems to be somewhat dubious for it may result in a rise of
A With increasing Re. If ) is represented by a straight line increasing
with Re,

r=Cy o Re = Cp = U (2.3.2.2.c)
and
2
pu
. TR ST (2.3.2.2.d)

which 1is obviously not correct since the exponent operating on U must

be between 1.0 (laminar case) and 2.0 (turbulent case).
Despite the incorrectness, a relationship of the type:

2830 *ag (Re

1500

(3500-Re) - 2000)

A= (2.3.2.2.¢)

where AT is in accordance to 2.3.2.2.f, is often used for calculations.

3. Above a Reynolds number of 3000 to 4000 conditions again become reason-
ably determinate. First we find the transition zone. In this zone the tur-

bulence is "incomplete" - the flow is still influenced by viscous forces
but starts to be influenced also by the roughness. These two conditions

are represented in the two terms in the Colebrook-White function:

e/d 2.51 )

+ (2.3.2.2.F)
3.71 Re B

1
— = -2 Tog (
= ,

which determines the friction factor in the transition zone.
The end of the transition zone is a Re-value specific for each ¢/d-value.

This curve - dotted in the diagram - is called the partition line and
Moody gives the following equation for it:

1 e €
.J; = 500 " 4 (2.3.2.2.9)

>
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4. The zone to the right of the partition line is called the rough-pipe
zone or the zone of complete turbulence. Here the friction factor is in-
dependent of viscosity i.e. Re and e/d only influence the value of x.

1 /d
?ﬁi_ 2 log (%77T) (2.3.2.2.h)

Several authors have proposed explicit formulations of the equation for
the transition zone eq. (2.3.2.2.f) and some of them have given one single
equation for the zone Re > say 4000, Wood (1966), Churchill (1977),
Wadmark (1978), Selander (1978), Verma (1979) and Chen (1979). Chen made
comparisons between his formula, eq. 2.3.2.2.1, and others and found ex-
cellent agreement with the Colebrook equation (mean deviation for 36 com-
parison points = 0.1%) Chen”s equation is:

1.110
. c/d _ 5.045 (e /d) 5.851 .
T 2 log [3.71 Re— 109 g+ ReO.898) (2.3.2.2.1)

for Re > 3000
Selander (1978) gives the following equation where an accuracy of only

a few percent (< 5%) is required:

A= E.9 log (10/Re + 0.2 g/d{}—z (2.3.2.2.k)

and the following if more accuracy is required ( < 0.5%)

\ = [? log (=723 10g (10/Re + 0.2 c/d) + 0.2698 %{l'z (2.3.2.2.1)

Alternative formulations of the equation for the partition line have also
been given. Moody based his formula for the partition line on a paper by
Rouse (1942) who had plotted eg. (2.3.2.2.f) to a scale of 1/¥X against
Re ¥} on semi-logarithmic paper and introduced the partition line, eq.
(2.3.2.2.9) based solely upon optical inspection. Pigott, in his dis-
cussion to Moody”s paper (p.680)suggests another equation, also based on

optical inspection.

Re = 3500/(e/d) (2.3.2.2.m)
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There were further discussion about the number which should be divided
by (e/d). See figure 2.3.2.2.b!

)\ MOODY {1600) MOQODY (3200}
0.100 ROUSE PIGOTT eldH
0080 ROUSE { APPROX.) NIR (1000}
0.04
0.060— \;l; \\\\ ROUGH TURBULENT FLOW
0.0504 = . 0.02
% \ \
0.040+ B TURBULE 0.01
£ TRANSITIg:O
0.0301 N 0.004
3§
. 0.002
i %% NN
0.020 23 AR 0.001
“EN 0.0004
0.015- ”4 0.0002
0.0001
0.010 :
0.00001
o'om T T T T I T T I T l T T
1022 5102 51052 5 1062 51072 5 108
Re
FIG. 2.3.2.2.b. Moody diagram with partition lines.

Nir (1979) developed an equation for the partition Tine by choosing an

angle

between the lines A =

Moody diagram. He shows that the equation

Re = 10

3/2W°

A (Re, e/d,;) and horizontal lines in the

(2.3.2.2.n)

defines a transition line where the angle mentioned above is 0.83°.

Hitherto the description of the Moody diagram has been linked up with

flow in circular pipes. It has been suggested, however, that the

diagram could be used for flow in other pipes e.g. pipes with rec-

tangular cross section. This implies the use of the hydraulic diameter,

dH’ discussed in 2.3.1. Until quite recently the Moody diagram was used

without any further alterations than replacing ) =
(Poiseuille) and the diameter d with d,,.
3.1,

part 2

Re/64 with Re/96
H Investigations by Jones (1976),
and later by Brundrett (1978) suggest alternative formula-

tions for the hydraulic diameter. In the discussion of Jones “paper
Brundrett criticizes the use of ¢* (b/d) for turbulent flow and in
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Brundrett (1978) he presents an alternative hydraulic diameter, dH*, to
be used for the calculation of the Reynolds number to be inserted in
(2.3.2.2.f) instead of dH.

d*=c¢ .d (2.3.2.2.0)

where
¢ is a factor with values according to table 2.3.2.2.a.

Brundrett”s method is a simplification of an earlier procedure of Deissler
& Taylor (1958) and is based on analysis of the velocity profile and re-

sulting wall shear stress.

Duct c

Round 1

Square 1.156

Squares with 0.28 B corner radius 1.092

2:1 ellipse 1.166

Eq. Triangle 1.332

n:1 Rectangle 1.156 + (n - 1)

n

Table 2.3.2.2.a. The factor ¢ in dH* =C - dH for different duct shapes.
From Brundrett (1978).

2.3.2.3 Surface roughness

Surface roughness of a wall in a pipe or duct is a property of the wall
on which the flow behaviour inthe transition and turbulent zone depends
to a considerable degree. The surface roughness is caused by irregulari-
ties in the profile of the surface. The depth of these are quite Targe
compared to the distance between them. Pioneer work on the subject was
done by Nikuradse who made experiments with pipes in which the inner
walls were covered with uniform sand particles glued to the walls. Figure
2.3.2.3.a shows his results in a logarithmic Re - ) diagram.
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log (100X\)
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FIG. 2.3.2.3.a. Nikuradses experiments with uniform sand roughness.

Tog Re vs.log (100 ») for different r/e. After
Nikuradse (1933).

It was Colebrook some years Tater who made similar experiments using

“real" pipe wall materials, such as iron, wood, concrete. Figure 2.3.2.3.b
originates from Colebrook (1938). It shows a principal discrepancy bet-
ween uniform sand roughness and "real" materials roughness as far as the
resulting friction is concerned.
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FIG. 2.3.2.3.b. Theoretical and experimentally determined "transition"
laws for various rough surfaces. After Colebrook (1938).

The transition starts at higher Re-values in the case of sand roughness.
This is due to the circumstance that there is a lack of turbulence pro-
ducing isolated eddies when the roughness is based on uniform sand.

In the experiments of Nikuradse the absolute roughness e had a physical
meaning. It was the radius of the sand particles used. As the layer was

thin (no double layers of sand) the size was also taken to represent the
mean depth of the irregularities.

When real surfaces are concerned the absolute roughness € must be deter-
mined from pipe flow experiments 1ike Colebrooks. Much hope has been

based upon the possibilities of predicting the surface roughness from some
kind of geometrical measurement of the surface finish. Only a little effort
has been spent on the problem,but some years ago Warburton (1974) reported,
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relationships for such a prediction for graphite surfaces of various sur-
face finishes. Though his results are quite encouraging for this material
it is not possible to extend the analyses directly to other materials.
Different ways of measuring surface finishes are reported by Kunzli (1964).
Another concise work in the field of surface finish measurements is Rau &
Leonhardt (1979). Waschull (1979) and Chetwynd (1979) may be mentioned
too. A special device - the so-called Bendtsen hard-board tester is common-
1y used for hardboard. In fact there is a Scandinavian standard for the
test, SCAN-P 21:67, (1967) and the testing procedure, is also described in
Lundgren (1959).

One problem is to determine the flow rate of fluid flow between rough sur-
faces. Valuable contributions to the knowledge of these matters come from

Tubrication technology. Thus Patir & Cheng (1978) suggest an "average

flow model" relying on surface roughness statistics - either simulated or

measured - with special flow factors which are applied as correction terms
to ordinary equations for crack flow in the laminar region. A gap between

two rough surfaces is illustrated in figure 2.3.2.3.c.

FIG. 2.3.2.3.c. Gap between two rough surfaces. After Patir & Cheng (1978).
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The quantity h stands for the distance between the mean levels of the two

surfaces and h. is the local distance in any point. See figure 2.3.2.3.d.

T

FIG. 2.3.2.3.d. Explanation of the notation used. After Patir & Cheng
(1978).

Any Tlocal distance can be written:
hT = h + 84 + 8 (2.3.2.3.¢)

where 61 and 62 are the roughness amplitudes of the two surfaces measured
from their mean levels. Let 61 and 62 have a Gaussian distribution with
standard deviations oy and ) respectively. The combined roughness has

a standard deviation

o =\fo1 * o (2.3.2.3.d)

This is strictly valid only if 61 and 62 are statistically independent,
which in some cases may be a somewhat dubious assumption, especially when
real cracks - for example shrinkage cracks - are concerned.

The ratio h/c 1is an important parameter showing the effect of surface
roughness. This can be seen in figure 2.3.2.3.e where the flow factor, ¢,
is plotted against h/o for different surface direction characteristics v.
(See definition below!)
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FIG. 2.3.2.3.e. Effects of directional properties of roughness on the
flow factor ¢. After Patir & Cheng (1978).

The flow factor is simply a multiple factor in the ordinary Hagen-

Poiseulle equation (loc.cit. eq. (2.3.2.1.e)).

q = ¢ L LP (2.3.2.3.¢e)
12 n 1

The surface direction characteristic, ¥, is according to Peklenik

(1967 - 1968):

A
y = 05X (2.3.2.3.F)

AO.Sy

where AO.S is the Tength at which the auto-correlation function of a pro-
file reduces to 50% of its initial value. Suffix x = in x-direction,

y = in y-direction. Purely transverse, isotropic and longitudinal rough-
ness patterns correspond to y = 0,1 and «, respectively. Figure 2.3.2.3.f.
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FIG. 2.3.2.3.f. Longitudinally oriented (v > 1), isotropic (y = 1) and
transversely oriented (y < 1) surfaces. After Patir &
Cheng (1978).

The data shown in fiqure 2.3.2.3.f can be fitted into relations of the

form

h
1-¢c"T 5y <

-©-
I}

1+C " 5 y>1

-
I

(2.3.2.3.9)

(2.3.2.3.h)

with empirical coefficients given in Patir & Cheng (1978). As an example,

for y =1, C = 0.90 and r

= 0.56.
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2.3.2.4 Pressure loss factors for abrupt changes in flow cross section
and flow direction

When the velocity profile in a pipe or duct flow has developed its final
form the pressure drop per length unit in the flow direction is described
by the general friction law.

w_ o, (2.3.2.4.3)
P ,

If abrupt changes in flow cross section or flow directionare introduced,
extra pressure losses caused by the changes will arise. We are first going
to look at pressure drop due to changes in cross section.

Several authors from the middle of the 19th century and Tater have devoted
quite a lot of work to these matters. The sign ¢ denotes works on flow in
pipes with circular cross section and = parallel plane flow or flow in
ducts with rectangular cross section. Early works are Poiseuille(1846) ¢,
Boussinesq (1890, 1891) ¢ and Knibbs (1897) g. The greatest effort has been
spent on the constriction case, and a variety of methods for approximative solu-
tion of the equations of motion has been used. Hence Tinearization of the

inertia terms was used by for example Han (1960) =, Langhaar (1942) ¢,
Sparrow & Lin (1964) g, patching of a boundary layer and a perturburation

about developed flow analysis Boussinesq (1891) @é, Collins & Schowalter
(1962) g, Stephan (1959), integral analysis Campbell & Slattery (1963) ¢,
Mohanty & Asthana (1978) ¢, Paivanas (1962) ¢ and =, Roidt & Cess (1962) =,
Schilter (1922) ¢, Schlichting (1934) =, numerical methods Bodoia &

Osterle (1961) =, Christiansen et al (1972) g, Lundgren et al (1964) ¢

and =.

Experimental results are reported by eq. Benedict et al (1966) ¢, Kreith &
Eisenstadt (1957) ¢, Astarita & Greco (1968) g, ESDU (1978) g, Kaye &
Rosen (1971) ¢, Idelchik (1960) ¢ and Karev (1953) §.

Kays (1948, 1950) ¢ and =, used a momentum-force analysis and experiments
of both the contraction and the expansion case and derived useful loss-
values for engineering purposes. Bunditkul & Yang (1977) made later a more
detailed examination using numerical methods and the same authors,
Bunditkul & Yang (1979), have recently expanded the use of the loss factors
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of Kays to channels with a short flow construction.
The principal behaviour of the flow of a closed conduit when the cross

section is abruptly contracted and then abruptly expanded again is shown
in figure 2.3.2.4.a.

LAST ATTACHMENT

POINT - SEPARATION POINT l
SELF GENERATED FREE |
1 /M|XING REGION |
] 72 '
n 1
Aq A2, Um A3

b
. \\ REATTACHMENT POINT ~ | -
_ PLANE OF |
|

— ] VENA CONTRACTA

REATTACHMENT /
P
A1 =A3 OINT

=

2
Pum
2

|
|
(1-a)’ :
|
L
|
|

Ap,

_,f_._l

FIG. 2.3.2.4.a. Abrupt contraction and abrupt expansion of a closed conduit
flow. Streamlines and pressure variations.
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The figure shows the entrance pressure drops and the exit pressure rise

characteristics of the flow.

The entrance pressure drop is made up of two parts, separated as follows:
The first is the pressure drop due to flow-area change only, without
friction. The second one is the pressure loss due to the irreversable
free expansion that follows the abrupt contraction, which arises from
boundary-layer separation (as characterized by the vena contracta), and
the consequent pressure change due to change of momentum rate associated
with changes in velocity profile downstream from the vena contracta. For
our applications density changes are so small that a constant density
treatment is satisfactory. The entrance pressure drop, Ap.» can then be

expressed as

b, = f_’_:_mf (1 - 0)%+ Kc_pgg‘—z - ¢, -032‘_2 (2.3.2.4.b)
where

p = density of the air, kg/m3

u, = average velocity in the constricted flow area, m/s

o = ratio of constriction area to frontal area

KC = contraction factor

£ = (1 - 0)2 + KC = contraction loss factor

The exit pressure rise, 4p,, is similarly subdivided into two parts. The
first is the pressure rise which would occur due to area change alone,

without friction. The second is the pressure loss associated with the
irreversible free expansion and momentum changes following an abrupt ex-
pansion and this term subtracts from the other. Thus

pU 2 pU 2 pumz

m 2 m
(1 -0)" - Ke 2 = -ge 2

(2.3.2.4.c)

where Ke is the expansion or exit factor and Ee = Ke - (1 - 0)2 = the ex-
pansion or exit loss factor.
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KC and Ke are functions of the contraction and expansion geometry and of
the Reynolds number in the constricted conduit. The latter dependence
arises from the influence of the velocity profiles on the momentum rates
and the resulting effect on the change of momentum at the entrance and

exit.

In figure 2.3.2.4.b KC and Ke are presented for duct flow and multiple
tube flow.

KC‘ KG KC' KG
1.4 1.4
d o e KC - Ke
1.2 Ke 1.2 d0a e s o
1.0- 1.0
0.8+ 0.8
0.6 0.6
0.4+ 0.4
0.2 0.21
0 A 0 -
-0.21 -0.2
~0.4+ -0. 4
_06_~ _06__ k?l%?/Age: 8'.(1)3
| . (30.20
-0.81 -0.8+
LA DL S R — 1 v T ¢+ T ' T
0O 02 04 06 08 10 0 02 04 06 038 1.0
g (¢}
a. b.

FIG. 2.3.2.4.b. Entrance, KC and exit, Ke’ factors for
(a) duct flow and (b) multiple tube flow. After (a)
Bunditkul & Yang (1977) and Kays (1950) (b).

Note that the Toss factors, Ec
superposed on the normal duct friction over the total length of the pipe, so

and Ea> include all excess pressure loss

the total pressure loss, BPy ot along the pipe is written

pu_2 pu_ 2 pu 2
- . m 1 m "m
Weot =677 @ Tz Tfez (2.3.2.4.d)
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where 1 is the total length in the flow direction of the constricted
cross section of the pipe.

The concept of the note is essential to bring to the reader-s attention
because other factors, with which it is necessary to reduce 1 for the
inlTet Tength (to developedvelocity profile), exist in the Titerature.

This way of treating the problem, however, is time-comsuming and laborious

and therefore the procedure presented above is chosen for this study.

To make it possible to use the loss factors from figure 2.3.2.4.b for
(computerized) calculations it is necessary to produce analytical expres-
sions for KC and Ke as functions of Re and o . This was done by plotting
KC and Ke versus Re for different ¢ . Figure 2.3.2.4.c and 2.3.2.4.d.

0.6 1 KC,O:O

Olﬁ I Kc. 0;665
0.2 K., 0=075

-0.4 -

0.6 14—
10 100 1000 10000 100000 Re

oy
L

FIG. 2.3.2.4.c. Contraction factors versus Re for different o.
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1.0 Re 020
0.8 +
1 Ke, 0:0.25
0.6—_ -
0.4 Ke.o=0.5
0.2 -
1 / Ke,0=0.75
0 -
-02 . /
-0.4 A
-0.6 | I j | | -
10 100 1000 10000 100000 Re
FIG. 2.3.2.4.d. Expansion factors versus Re for different o.

Approximate relationships between contraction and expansion factors, Re
and o were obtained with curve-fitting technigue. The results are summa-
rized below and plotted in figure 2.3.2.4.e and 2.3.2.4.f.

Reynolds number, Contraction factor KC:

- 1000 0.98 - Re 0:93 _ 0.0676 + 0.3736°
1000 - 3000 10.59 - Re 0374 0.0676 + 0.37306°
3000 - 0.57 - Re 001 _ 0,067 + 0.3735°

Reynolds number, Expansion factor Ke:

- 1000 0.036 + 9.60 - 10 °Re + 5K,

1000 - 3000 1.28 . 10 2Re!"223 4 oK,

3000 - 21 . Re9-012 )

(=]

Ke

AKe 0.78 - 1.560 if ¢ is less than 0.5
AKe 0.48 - 0.960¢ if ¢ is greater than 0.5
if ¢ < 0.05 then Ke 1.00

it
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o
1.0
0.8 +
0.6- X Kc_,O =0
0.4 - Ke, 0=05
1 Ke,0=0.75
0.2 -
O -
-0.2 -
-0.4 1
10 100 1000 3000 10000 100000 Re
FIG. 2.3.2.4.e. Approximate values of contraction factors.
Ke Ke,O:O
-0 0.0
J Ke,0=0.05
0.8 1 4__/’///r-
0.6 - _d///,' Ke,0=0.25
0.4 -

0.2 1 / Ke,0=0.50
0 A Ke.0=075
- S

202- /
-0.4 1

10 100 1000 3000 10000 100000 Re
FIG. 2.3.2.4.f. Approximate values of expansion factors.
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However, Kay's and Bunditkul & Yang~™s (1977) work were based on tube
lengths hydrodynamically long enough for the velocity profile to be comp-
letely developed downstream of the contraction. As mentioned briefly above,
Bunditkul & Yang (1979) expanded the feasibility of the factors for tubes
being so short in the flow direction that the flow is still developing at
the exit. Their results are worked out for the laminar flow region and ob-
tained by numerically integrating the full Navier-Stoke and energy equa-
tions using finite-difference technique. An example from their results is
shown in fiqure 2.3.2.4.qg.

- - =

AP¢ -

Apf\
|\

0 1.0 2.0 3.0 4.0

FIG. 2.3.2.4.g. Streamlines and pressure drop for Re = 500, 1/dH = 1.0,
o= 0.5 (Bf = 6.67). After Bunditkul & Yang (1979)



From their calculations they found that the dimensionless quantity B

defined as:

Be

= (Re - d, /N3
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1/4

f’

(2.3.2.4.d)

described the hydrodynamic effects of the flow constriction. Figure

2.3.2.4.h describes how Bf varies with dH/1 and o for different Reynolds~

numbers.
B WHEN Re =
2000 1000500 100
b 4} 1 [HORIZONTAL LINES
14,4 | 99
11 54 |HYDRO - SHORT } Re= xxx 5 =05
134 DYNAMICALLY LONG |
104 84
12
9+ ~ |
11 . 71 4- 0=0.2
104 ©7
6 """””””,,——“————————-
94 74
| 3-
81 6 51 4 =0.05
7 Re =100
5- 54 4- , e=
N — 7] = 0.01
5 4 35 ‘/0
L4 3 Re = 500
3- 271 4 Re =1000
2 e Re=2000
2- -
14 11
0- 04 0~ 04 l 1 l | | | | | | b
0 01 02 03 04 050607 08 09 1.0 T

FIG. 2.3.2.4.h. B_, according to Bunditkul (1979), vs.

.F

dH/1 for different

ratios of constriction area to frontal area (o) and Re.

Over the horisontal Tines with Re = 100, ...2000 j.e.when

Be

mically short.

> 2.25 the constriction is considered to be hydrodyna-
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KC* - CC C
K* = Cy - Ky (2.3.2.4.¢)
A= A

K and K are factors defined above with values accord1ng to figure

2 3.2.4. b for long tubes. » is the friction factor (R ) for parallel
plates. The correction factors CC, Ce and Cf, derived from numerical com-
putations, are plotted against B¢ in figure 2.3.2.4.1. They are unity
when BF‘S 2.25 - the criterion for a construction to be hydrodynamically
long. Hence:

= a Bf + b Bf > 2.25
C=1; Bf < 2.25 (2.3.2.4.1)
where

a = -0.304, 0.792, 0.122 and
b =1.684, -0.782, 0.725 for

C. » c., C

c e £ respectively.

To make the reader familiar with what is meant by a hydrodynamically short
channel the following example is given as a demonstration.

Duct width: 0.001 m (0.002) m

= 0.05
Hydrodynamically short if:
1< when Re =
0.002 (0.004) 100
0.01 (0.02) 500
0.02 (0.04) 1000
0.03 (0.07) 2000

This means that only at high Reynolds number, and when relatively wide
cracks or ducts are concerned, the critical length is of the same order
as the width of building constructions, i.e. walls, windows etc.
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-2 I I I T I T | I ™
0 1 2 3 4 5 6 7 8 9
B+
FIG. 2.3.2.4.1. Correction factors for loss factors and friction factor

for flow in parallel channels with a short flow construc-
tion. After Bunditkul & Yang (1979).
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Excess pressure losses due to abrupt changes in flow direction have been
investigated only slightly as far as can be seen in the Titerature. Most
hydraulic handbooks present values of loss factors for different types
of bends for pipes of circular cross section. Loss factor values of
bends in rectangular channels are rare in the literature. However,
Idelchik (1960) gives a detailed procedure, including a Tot of relevant
parameters, for sharp elbows of rectangular section with converging or

diverging exit section. Figure 2.3.2.4.k.

|
|
|
|
|
— N !
Um > :
Y |
[
I dg
|
i
|
- — 4
~
By oS
~
0 N
AN
N —
by
FIG. 2.3.2.4.k. Sharp elbow. Symbols.
The bend loss factor, gb, is defined as
pum2
Apb = Eb : i (2.3.2.4.9)

where APy is the excess pressure loss due to the bend. €h is written:

K - kp, " & (2.3.2.4.h)

&R T /
b €,dH Re

where ke/d and kRe are factors depending on the relative roughness and
the friction factor in the inlet channel. They are taken from table
2.3.2.4.a.
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£1is a loss factor according to figure 2.3.2.4.1.

e/dy 3000<Re<40 000 Re>40 000
KRe ke/dH S ke/dH
0 5% 1.0 1.1 1.0
0-0.001 45% 1.0 1.0 1+0.5-10° . c /dy,
> 0.001 5% 1.0 1.0 1.5

Table 2.3.2.4.a. Factors k and ko to be used in eq. 2.3.2.4.h.

qu R
After Idelchik (1960).
€\
2
i 0
n b—o':'
1 - 0.25
_ 1.00
| — 4.00
O T T 1 T I I T [] T I —
9] 1 2 b1/q30

FIG. 2.3.2.4.1. Loss factor & to be used in eq. 2.3.2.4.h for different
aspect ratios, aO/bO’ and degree of area change, b1/b0.
After Idelchik (1960).
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Two or more bends after each other in the flow direction can also be
treated. According to Idelchik (1960) the total loss factor will be close
to the sum of the loss factors for each bend, provided that the relative
distance, 1/b0, between the bends is long enough - approximately 4 or more.
For shorter distances the total resistance will be somewhat Tess than the
sum of the individual bend losses. No numerical values for this reduction
are given in the Titerature, however.

In addition to these pressure loss factors there are others for more spe-

cific flow cases such as tees and crosses. To find such loss factors, see
for example Idelchik (1960).

2.3.3 Flow through holes and slots

From an engineering point of view much attention has been paid to fluid
flow through holes (orifice flow) and slots. It is obvious from Bernouille’s
Law that if a fluid flows through an opening, having the bulk mean velocity

U from a vessel with static pressure Py to another with static pressure
Pos then
pum2
p1 = P2 + - 7 and
ou 2
- m 12 < Ap
AP = — or u, = . : (2.3.3.a)

In practice, however, the flow rate is reduced due to flow contraction so:

u_ = C,\|2AP (2.3.3.b)

where, as already Kirchhoff found in the middle of the 19th century

- m ~
Cq = —7 2 0.611 (2.3.3.c)

If the wall is thin and the edges of the opening are sharp an energy-loss
factor of around 0.97 should be applied too. The coefficient of dis-
charge, Cd’ can be denoted Cd* if energy losses are included and
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O

Cd* = 0.97 - Cd = 0.593 (2.3.3.d)

These Cd and Cd* are valid for both sharp edged holes and slots in a
thin wall. Reorganizing eq. (2.3.3.b) yields the familiar form of:

1 pumZ

Ap = ——p - - (2.3.3.e)
C *
d
2 .
*

where 1/Cd could be interpretted as a pressure loss factor, gopening
with the numerical value
£ - 2.85 (2.3.3.f)

opening 0.5992

For walls that are not thin, flow length = 1, pressure loss factors for

circular cross section are given for Re > 10 000 by Idelchik (1960) from

which figure 2.3.3.a is taken. The friction loss factor x» - 1 should be

added as usual. H

gl?e>10000

opening
)

3

2 -

1 -

0 L A DL B R
0 1 2 3 l/dy

FIG. 2.3.3.a. Pressure loss factors for flow through a circular hole, flow
Tength = 1, in a Targe wall. Re > 10 000. After Idelchik
(1960).
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For Re< 10 000 Idelchik states:

Re<10 000 Re>10 000
Eopening | =tg (Re) + 0.342 e (Re) - & oot o (2.3.3.9)
and gives the following diagram for determining £0 and eg-
€o- €0
3
2 /
] €0 ’/”//,/'
— . /
1 e
0 T T TTTT7 T T TTTTT T Illllllmm
10 102 103 10* 10° 10%
Re

FI6. 2.3.3.b. Factors g, (Re) and eq (Re) for flow through a circular
hole, in a large wall. Re < 10 000. After Idelchik (1960).

For flow through a circular hole, with radius = r, in a thin wall at
very Tow Reynolds number, so-called creeping flow, figure 2.3.3.c,
(experimentally found to be < 6.4 if the diameter is the characteristic
length), Sampson (1891) gives the analytically found expression

AD = 3 9y -n _ 127 ,pum2
P 3 " Re 2

(2.3.3.h)




61

s L 4

-]

FIG. 2.3.3.c. Flow through a circular hole. Creeping flow.
After Happel & Brenner (1965)
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3. EXPERIMENTAL INVESTIGATIONS

3.1 SURFACE ROUGHNESS

As was pointed out in part 2.3.2.3 the property of surface roughness is
of significant importance in turbulent flow and it also determines the
conditions of transition in many flow cases. Figure 3.1.a illustrates
how the friction factor, », depends on the relative roughness, e/dH, for
different Re numbers. It can be noted that the values of A rise very
rapidly as s/dH passes say 0.001.

A
0.20
0.10 -
0.08
0.06
0.05 -~
0.04 Re:=
10000
0.03 20000
50000
0.02 700000
1000000
001 - T T T T T T T | 1
0.0000t1 0.0001 0.001 0.01 01
) E/dH

FIG. 3.1.a. Friction factor, X, versus relative roughness, s/dH, for
different Re numbers.

Most numerical values of the surface roughness factor given in the lite-
rature refer of course to wall materials, common for pipes for different
purposes - in most cases transportation of liquids. Thus the literature
gives numerous e-values for iron and steel pipes, with and without rust,
concrete pipes, new and used, etc. but surface roughness factors for or-
dinary building materials are almost completely lacking.

For this reason a measurement equipment for determining e-values for
different building materials was built up at the division of Building
Technology at Lund Institute of Tecknology.
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3.1.1 Laboratory test equipment

The test equipment was designed to make it possible to determine surface
roughness factors for flat test specimens instead of pipes which normally
has been the case.

To make this possible an air flow was led through a gap between walls of the
material to be tested. The resulting pressure drop per unit length,as well as
the average velocity, was measured at a number of locations of the plates.
For every location ¢ was determined by use of the Colebrook & White
equation (eq. 2.3.2.2.h).

The test equipment is shown in figure 3.1.%1.a and 3.1.1.b.

FIG. 3.1.1.a. The test equipment.

The air flow in the gap between the plates was produced by means of a
centrifugal blower, (Bahco NAB), with a capacity of 0.35 m3/s in free
blowing mode. Between the blower and the plates was placed a “"pressure
box" whose function was to produce an even suction in the exit section
of the gap.
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The area of the test specimens was 2.0 x 1.0 m. The nominal gap width
was 50 mm. In one of the two plates of each material tested, 50 holes

for sensing the local static pressure (¢ 4 mm) were drilled through

the plate. The holes were placed at equal distances (0.20 m) in both
directions. The connections between the plates and the sill, and between
the plates and the pressure box,as well as between the plates at the

top of the plates, were sealed with a heavy duty tape, (tesa 5210, Beijers-
dorf). A plastic tube was connected to each hole and all the 50 tubes
were connected to a multiple channel scanner (Scannivalve). The pressure
difference between the atmosphere pressure and the pressure at the end
of the connected tube sensing the local static pressure at the orifice
of a hole in the wall was read on an electrical micromanometer (Furness
Controls Ltd.) with different scales (0 - 10, 0 - 30 and 0 - 100 Pa).

The readings were transformed to punchings of the measurement values on
paper tape by means of a digital volt-meter, a key-board and a tape
puncher, (FACIT).

The local average velocities were calculated from readings of the velo-
city profiles. They were measured with a simple pitot tube connected to

a traverse device making it possible to move the tube end from the sur-
face of one plate to the other. As the other end of the pitot tube was
connected to a high precision slide potential divider, it was alsopossible
to read the distance between the plates in the measurement point.

(Some simple calculations of uniformity had to be done too, of course).
The traverse device is shown in detail in figure 3.1.1.c.
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FIG. 3.1.1.c. The pitot tube traverse device.

The difference between the total pressure at the end of the pitot tube
and the local static pressure measured at the wall - i.e. the dynamic
pressure - was monitored with an electrical micromanometer similar to
that described earlier. The distancemeter (slide potential divider) was
supplied with a constant voltage from a voltage source device, and it
produced a signal analogue to the location of the pitot tube end. The
signals from the slide potential divider and electrical micromanometer
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were eventually recorded by a x-y-recorder which produced a plot from
which the velocity profile in the measurement location was calculated.

To sum up it can be stated that the measurement procedure produces mea-
surement data concerning:

o drop in static pressure per unit length in the flow direction

o distance between the plates
o velocity distribution between the plates

3.1.2 Data processing and analysis

The Colebrook-White equation states that in the complete turbulent zone
(loc.cit.eq. 2.3.2.2.h):

Ao Tog (EZQ_) (3.1.2.a)

x 3.71

and the general friction formula, (loc. cit. eq. 2.3.1.b):

p u 2
?—F’:a*— 2"‘ (3.1.2.b)
H

Since the hydraulic diameter is approximately 2 b, where b is the duct
width, ¢ could be written:

7.42 b

e = (3.1.2.¢)
0-576 u_ \
b.ap/1

The temperature in the laboratory, in which the tests were performed,
was approximately 20 oc during tests so the value of p = 1.20 kg/m3 was
consequently used.

Hence, the calculation of ¢ involves determination of ap/1, b and U
Cf. the concluding points of 3.1.1.
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Determination of Ap/]

Static pressure wall taps were used to sense the static pressure at the
wall of the plate. It is generally assumed that small square-edged holes
installed normal to flow boundaries give the correct static pressure
(Benedict (1977)). In practice, however, small perfectly square-edged
holes are difficult to machine. Hence, it might be interesting to know
the influence of imperfections in this respect. Rayle (1959) has inves-
tigated effects of orifice edge forms on static pressure measurements.
Figure 3.1.2.2.

FIG. 3.1.2.a. Effect of orifice edge form on static pressure measurement.
Variation in percentage of dynamic pressure. After Rayle
(1959).

As can be seen in the figure the edge form does not at all play such an
important part as one may believe, so even though some of the holes drilled
in the test specimens have non-perfect sharp edges, only a minor error is
introduced thereby.
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The readings of the static pressures relative atmosphere pressure was
punched on paper tape. The processing of these data included print out
of the pressure readings, the pressure differences, and a simple isobar
plot performed by the ordinary Tine-printer.

Determination of b

The distance between the plates was determined at each measurement point.
The end of the pitot tube (the sensing part) was moved slowly from close
to one wall to the other by means of the slow revolving of the circular
plate of the traverse device arising from the rotating of the crank and
its shaft. As the horizontal movement x of the pitot tube at a distance

m from the centre of the cirular plate - the reading of the slide poten-
tial divider - and the length of the tube from centre to end, n, are

known the horizontal distance between the'p1ates can be simply determined.
Hence, due to conformity (Figure 3.1.2.b)

(3.1.2.d)

FIG. 3.1.2.b. Determination of duct width fromknown data of x, n, and m.
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Since the radius of the pitot tube used was 2 mm, the value of b measured
in this way should be increased by 2 x 2 mm to give the proper distance.

This has been done in the experiments.

Determination of U

The velocity distribution between the plates was recorded on the x-y-
recorder, figure 3.1.2.g. Then a smooth profile was drawn to fit the
measured profile well. This was done by means of visual inspection of
one half of the duct width at a time. For every 5 mm, then, the velo-
city was read {on the smooth 1ine) and the points read were fitted to

an analytical expression of the type y = axb using least square curve
fit. Having done that the average velocity, Upgs for each half was easily

calculated as

oiro

b/2 b/2 b/2
1 _ b ~ 2 a b + 1
Uy = 572 6 u (x) dx = G ax  dx = 506 + 1) [% J . (3.1.2.e)

In cases of velocity distributions non-symmetrical around half the dis-
tance the upper integral limit differsfrom b/2 and instead the actual
distance between the wall and the symmetry Tine was inserted.

The proceeding calculation of € is performed for one half of the distance
each and the resulting value is taken to be the mean of these two values.

Error analysis

It might be interesting to examine the resulting probable error in the
determination of ¢ in a point.

The statistical concept for doing this is formulated in the general
rule for error propagation which - with signs applicable to this prob-
Tem - states; (See for example Beers (1962) or Cramér (1945)):
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where s stands for standard deviation. The first three terms under the
root sign are always applicable. The remaining terms are to be taken into
account if some of the parameters b, Un, or-ap/1 are statistically depen-
dent on each other. If so, p is the correlation coefficient for the two
parameters.

If the parameters are statistically non-dependent on each other the ana-
lysis is limited to the first three terms.

7t 1
c=7.42 . b . e 0:576-UL T cp® - D (3.1.2.9)
-1, 1
_ . Ap 3 z
3¢ _ 7.0 (700U T m et m by
3 ,
Ap—% 1 -1 Ap_% i 7
s b o 0-576mu AP R L 0576 L 2R Tofisp )
(3.1.2.h)
_% 1 1
%ﬁ-—= e (-0.576 . ég. . o2 . b7 (3.1.2.1)
m
-l ..3
2 1 - 53
e - (0.576 - u - 2L 0P p By (D 2y (3.1.2.k)

2(40) m
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For realistic values of b, Upps tp/1, and p (=0.05 m, 4 m/s, 8 Pa/m,
1.20 kg/m°)

de - (.197
3b
e _.9.27 - 1073
Ju
m
% _5.30 . 107%
AP
3(—T)
and
3 2 6 6 2 !
— - - 2 . -
Se-\/38.8 <1070 52859 L 100 L w028t - 1070
| . ]

Typical values from the measurement which were carried out are:

S, = 0.00t m

S = 0.08 m/s
Un

sAp = 0.3 Pa/m

This leads to an estimated value of S_ equal to:

s =0.78 . 1073 n
[

The total probable error is less than that if determinations are repeated.
If n measurements are undertaken the resulting probable error, s
will be

e, res

_ e (3.1.2.1)

SS, res V?F

If, for example, n = 10 then S_ pes? according to the typical values
given above, will be 0.78-107/ {10 = 0.25 . 107> m.
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If the statistical distribution of ¢ is Gaussian a confidence interval,

I, corresponding to

P(greSEEI) =1 -az ¢(Xu) (3.1.2.m)
where

€pres is the mean of all measured e¢-values

I =€ as ir&yz " Se res (3.1.2.n)

. o s . by = A ]
If a confidence degree of 90% is wished the value of o/2° " 0.05 is 1.64.

Criteria for accepting or alternatively rejecting data

Measurement values from a single point were accepted for further analysis
only if both the following criteria were met:

o the exponent, b, in the expression for the velocity profile, u(y) =
=a - yb was within a range of 0.14 + 0.035 (i.e. *25%)

o the isobars in the vicinity of the point should be approximately
vertical

The first criterion should give a certain assurance of the velocity pro-
file to be developed. The figure 0.14 corresponds to one seventh, a value
given by, among others, Prandtl (1927) in the so-called "Potenz-gesetz"
for a simplified description of the nature of the velocity profile at
fully developed turbulent flow.

The other criterion should ensure the flow direction to be (locally)
horizontal.
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3.1.3 Measurement results

The measurement results are summarized in table 3.1.3.a.

TABLE 3.1.3.a Surface roughness e(m).

WALL MATERIAL SURFACE ROUGHNESS x 103, m

90% CONFIDENCE INTERVAL

Concrete
poured on boarding (tongued and grooved) 1.0 - 1.8
poured on plywood 1.3 - 2.1
poured on steel plate 0.5 - 1.3
screeded surface 3.2 - 5.9

Asphalt impregnated porous
wood fibre board plate
Chipboard

Glass fibre board

O NN O -

N oo oR o
|

<o P o w

IR RS

Gypsum board

3.2 DUCT FLOW

Equations for air flow in ducts with walls parallel to each other are
used throughout this work. In addition to friction losses the effects of
losses due to entrance flow, exit flow and directional changes are some-
times substantial. In order to check the pressure drop along different
well defined flow paths some experiments were carried out at the division
of Building Technology, Lund Institute of Technology. Similar experiments
have been reported earlier by Esdorn & Rheinldnder (1978), Etheridge (1977)
and Honma (1975) for example, but they all report the total pressure

drop from one side to another only.

In this investigation entrance, exit, and bend losses are studied more
in detail.
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3.2.1 Experimental design

The experiments were made as laboratory tests. Air was led through ducts
of different shapes made up of aluminum profiles from the room having
atmospheric air pressure to a suction box. The inner dimensions of the
box were 1 x 1 x 0,5 m and the test duct was placed in the middle of the
square surface. The flow rate of the air, evacuated from the box by
means of a fan was measured with a vortex flowmeter. This flow rate was
corrected for the box own leakage and the corrected value represented
the flow rate of the air passing through the duct. The pressure differ-
ence between the box and the room was measured with a micromanometer
(Furness Controls Ltd.).

The static pressure along the flow path was sensed with pressure wall
taps in the duct wall. The taps were connected with plastic tubes to a
multiple channel scanner (Scannivalve). The pressure difference between
atmosphere pressure and the pressure at the end of the connected tube,
sensing the local static pressure at the orifice of a hole in the duct
wall, was read on an electrical micromanometer of the same kind as that
one mentioned above. The readings were transformed to punchings of the
measurement values on paper tape by means of a digital volt-meter, a key-
board and a tape puncher, (FACIT).

Different duct widths could be created by inserting pieces of metal wire
with known diameter between the aluminum profiles.

The experimental arrangement is shown in figure 3.2.1.a.
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FIG. 3.2.1.a. Experimental arrangement for investigations of duct flow.

3.2.2 Data processing and analysis

For every geometrical configuration and duct width some ten readings of

o air flow rate

0 pressure difference across the duct

0 static pressures within the duct

were performed. The average values were then used for the further calcula-
tions.
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The average velocity, Ups in the duct was calculated in order to make it
possible to relate the pressure readings to the quantity o - um/2 thus
making the pressure values dimensionless. Besides, the entrance, exit,
and bend losses could be described in terms of loss factors once their
magnitudes are identified from the measurement results.

3
2 [-10 , m

1oul 12 :
Psi/(Pum /2) 10 20 30 40 50 60 70 80 90

0

-0.5 -

-1.0 A gc:205

-1 51

-2.0—' e

-2.5

-3.0

-1.25
~3.54 3

AN

-4.0 -

7

-4.5

-5.0 H

-5.5

FIG. 3.2.2.a. Variation of static pressure along the flow path of a 2 mm
wide duct with one 90° bend. Flow Tength = 94 mm and Re =
= 1507.
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Figure 3.2.2.a shows a typical measurement result. It was obtained at

Re = 1507 with a duct with one 90° bend having the width of 2.0 mm and
the total length in flow direction of 94 mm. To make it possible to

study the influence of the entrance and the exit the pressure drop corre-
sponding to undisturbed flow is outlined in the figure. The general fric-
tion formula:

OUZ
_ 1 m
SR T

could be written

AP _ AL (3.2.2.a)
u 2 dH

P¥m

2

Thus the quantity A/dH should equal the slope of the pressure drop line.
In the case of laminar flow A is dependent on Re only, while in the tur-
bulent case the absolute roughness, e, must be known too. ¢ for the alu-
minum profiles used were determined in a pilot experiment with flow
through a 5 m Tong tube with rectangular cross-section. The value was
determined to approximately 0.1 mm.

It the measurement result shown in figure 3.2.2.a is analysed in this way,
two separate straight lines with the slope equal to ~x/dH

(=(96/1507)/(2 - 0.002) = 15.9 m-1) can be drawn, fitting the pressure
Toss curves before the bend and after the bend respectively. Resulting
values of Ec and gy, are 2.05 and 1.25 respectively, which seem to be

quite reasonable.

3.2.3 Measurement results

The different cases investigated in the experiments were analysed in a
manner according to the example above. The results can be studied in
detail in figure 3.2.3.a. - k.
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width 6.0 mm, length 50 mm
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FIG. 3.2.3.b Straight duct
width 3.0 mm, length 50 mm

Re = 1717
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-5.0 Re = 1936
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=4.54 FIG. 3.2.3.f Straight duct.
width 6.0 nm, length 130 mm
-5.0 Re = 1982
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FIG. 3.2.3.h Duct with one 90°bend. 5.5

width 3.0 mm, length 94 mm, Re = 2055

FIG. 3.2.3.k Duct with one 90%-bend.
[.103'”1 width 6.1 mm, length 94 mm, Re = 3726
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FIG. 3.2.3.71 Duct with one 90°-bend.
width 6.1 mm, length 94 mm, Re = 2073
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Since the ratio of constricted to frontal area is zero, approximately
the exit loss factor, £ is 1ikely to equal zero. This value has been
assumed throughout the analysis of the measurement results.

The results are summarized in table 3.2.3.a.

TABLE 3.2.3.a. Duct flow. Measurement results.

CONTRACTION (ENTRANCE, o= 0)

Flow length Duct width Re Ec Ke Ke

mm mm measured measured acc. to fig.
2.3.2.4.c

50 2.0 1744 2.16 1.16 0.52

3.0 1717 2.16 1.16 0.52

5.9 1973 2.04 1.04 0.52

130 2.0 1936 1.51 0.51 0.52

3.0 1945 1.71 0.71 0.52

6.0 1982 2.15 1.15 0.52

6.0 4046 2.06 1.06 0.51

94 3.0 2055 1.98 0.98 0.52

(incl. one 6.1 2073 2.00 1.00 0.52

90° bend) 6.1 3726 2.00 1.00 0.51

ONE 90° BEND

Flow length Duct width Re Eh Eh
mm mm measured acc. to fig.
2.3.2.4.1
94 3.0 2055 1.64 1.70
6.1 2073 1.74 1.69
6.1 3726 2.32 1.46

The loss factors measured are generally high compared to the values origi-
nating from the literature. However, the result shows that the influence
of contractions and bends on the pressure drop is substantial and that
their influence by no means should be neglected in most calculations of
air flow through ducts.
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4 CALCULATING PRESSURE DISTRIBUTION AND AIR FLOWS IN BUILDING
COMPONENTS

In chapter 2 the tools avilable for treating pressure distribution and
air flow calculation problems have been reviewed. Most of the concept is
based on flow through permeable material and pipe flow. Problems of air
flow in or through building components are seldom so uncomplicated that
it is possible to solve them directly in one single operation. Instead,
a significant flow problem that may arise fora designer lTeads to a com-
plicated network of flows through small openings, flows in ducts or in-
terstices, flows in permeable materials etc. These circumstances impli-
cate the need for methods to model the flow problem in a proper way
thus making it possible to solve it as far as possible by means of a
general calculation procedure. This means that the procedure does not
have to be redesigned for the calculation of every new flow problem.

4.1 GENERAL REMARKS ON MODEL DESIGN

Extremely simple flow problems can be solved directly just by putting in
actual figures in one single equation. Examples of such procedures are the
calculation of the rate of air flow between infinite parallel plates for a
certain pressure drop per unit Tength, or the calculation of the flow rate
per square meter perpendicular to the flow direction through a permeable
material with a certain pressure drop across the material sample. One of
the main reasons why these problems are easy to solve lies in the fact
that they are Tinear in character. This means that the flow rate is pro-
portional to the pressure drop giving rise to the flow. Even somewhat

more complicated flow situations are easily calculated by hand as long

as the linearity remains.

Fluid flow in general is nothing but mass transfer caused by potential
(i.e. pressure) differences and/or flow sources/sinks. This is something
fluid flow has in common with many other physical transport phenomena

suck as heat transfer or currents in electrical circuits. However, both in
heat transfer and electrical circuit theory non-linear relationships bet-
ween potential difference and flow rate are rare. In heat transfer one
could say that it simply does not occur. The thermal conductivity may be
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dependent on the temperature level, for example, (e.g. constructions exposed
to fire) but the thermal conductivity of solids is not influenced by the
heat flow rate. The difference is illustrated in figure 4.1.a.

HEAT FLOW RATE
A

NON -LINEAR

(DOES NOT OCCUR)
T:T1
T=T,
T=T4
T=T4

TEMPERATURE DIFFERENCE

FIG. 4.1.a. Heat flow rate vs. temperature difference acting across a

heat conducting specimen.

However, in electrical circuit theory there exist electronical com-

ponents having non-linear characteristics. Figure 4.1.b.
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cy

INCANDESCENT LAMP SEMICONDUCTOR DIODE

FIG. 4.1.b. Characteristics of non-linear components. After Smith (1976).

The difficulties in treating non-linear components in large networks are
strongly emphasized by Huelsman (1972), Cornetet & Battocletti (1975),
Smith (1976) and Anderson (1978) for example. The methods of analysis in the
case of non-Tinearity suggested are:

o analytical solution
0 piecewise linearization

0 graphical solution

What about the circumstances of fluid flow then? As was mentioned above,
linear relationships between pressure difference and flow rate are rare.
The only exceptions are (slow) flow in permeable material and developed
laminar flow in closed conduits. In all other cases suchas flow through
constrictions, not fully developed flow, turbulent flow etc. the flow

rate is not proportional to the acting pressure difference. This fact Teads
to more complicated calculation procedures than is the case for heat
transfer in solids and other pure potential flow situations. The tackling
of the non-linearity will be covered in part 4.3.

A difference that is important for the choice of a proper calculation
model is whether the flow-path(s) in the building component is/are

possible to predetermine (at least to a certain degree) or cannot be
predetermined at all. In the first case a network analysis similar to
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that of electrical circuit analysis may be successful, while in the latter
a calculation method for potential flow (e.g. relaxation method) modified
for the non-linearity may be used. The two methods in fact meet in the
case when every component in the circuit analysis corresponds to a similar
cell in a relaxation mesh.

Both methods involve a separation of the geometry of the flow problem
into several discrete elements. Pressure differences across all the ele-
ments and resulting flow rates are calculated iteratively until a certain

convergence criterium is met.

4.2 THE ALGORITHMS

Along a specific flow path pressure losses may occur due to flow resistances.
They may be either of::

o resistances of permeable materials
o resistances of ducts

o single resistances (contraction and expansion losses etc.)

If the different kinds of resistances occur in series their total influ-
ence on the pressure loss may be summarized in the following way:

BPiot = BPpat * MPauct * “Psingle (4.2.a)

with easily understandable denotations.

In the case of one-dimensional flow in permeable isotropic material
(cf. eq. 2.2.1.a)

u

mat = “m " By/n (4.2.b)

AP

where 1 is the length of the element in the flow direction.

Duct pressure losses are described by (cf. eq. 2.3.1.b)

1 pu 2
BPyuct = * --ag C (4.2.c)
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Single resistances influence the pressure loss in the following way:

pumZ
Apsing]e = . , (4.2.d)

where & is the specific loss factor.

While the specific permeability coefficient B0 for most materials is an
easily found table value » and to a certain degree £ are strongly de-
pendent of the flow situation. As was pointed out in chapter 2 the fric-
tion factor A depends on the Reynolds number. Different algorithms for
ajr flow in ducts with parallel walls used for calculations in this work
are summarized in table 4.2.a.

TABLE 4.2.a. Algorithms for determination of the friction factor, i, in
parallel-sided ducts. The analytical expression for A is according to
Selander (1978).

Re A
< 2300 96/Re
9% Re = 3500
(3500"Re) 2300 + >\T
2300 < Re < 3500 1200
> 3500 M
where

-2
_ -4.793 10 . 0.1 ¢ e

In the algorithms in table 4.2.a the value dH = 2 b is used. If the duct
has a Tow aspect ratio, a/b, (cf. figure 2.3.1.b) the accuracy of the
calculation will be increased by use of the concept of table 2.3.2.2.a.

A plot of the Re - x relationship according to table 4.2.a is given in
figure 4.2.a.
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Examples of single resistances are area changes, elbows, tees and crosses
of ducts. Pressure losses due to area changes such as entrances and exits of
ducts are frequent in problems of air flows in building components. The

concept of part 2.3.2.4 is practically applicable to any calculation pro-
cedure.

4.3 CALCULATION PROCEDURES

4.3.1 Hand calculations

Apart from the most simple flow problems such as calculation of flow rate
through a circular hole or a slot,or the rate of flow through a piece of
permeable material, networks built up by flow resistances can be solved
by hand unless they are too great and complicated.

Consider the following problem; (figure 4.3.1.a)!

WOOD PANEL CLADDING
_ AIR GAP

. ) WIND PROTECTION
INSULATION MATERIAL

__@_CR__ISI\I(TFL_R LINING

CAULKING
3 [) i
lodo-» dow . = -
N

. d s 4 - . o

>
ROJN

FIG. 4.3.%1.a. Possible air flows around a sill of a timber-framed house.
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At least ten possible flow paths may occur:

Air permeating the wood panel cladding.

Air flow between floor slab and panel.

Air flow between floor slab and wind protection.
Air permeating the caulking.

Air flow between wind protection and sill.

Air flow between inner lining and sill.

Air flow between inner lining and floor slab.

1
2
3
4
5
6: Air flow between insulation material and sill.
7
8
9: Air flow between fillet and inner Tining.

1

0: Air flow between fillet and floor slab.

If every flow path is symbolized with the common resistance symbol used

for electrical circuits the following resistance network may be outlined.
(figure 4.3.1.b):

— 5 6 {7 [ 9 ]
8 lIlIl!IIIII
4

i

APyt

FIG. 4.3.1.b. Resistance network modelling the air flow problem of figure
4.3.1.a.

The modelling of the problem involves some assumptions. Thus the flow
paths are predetermined and some of the building materials have been con-
sidered to be so airtight that no air permeate them (wood, wind protec-
tion and inner lining). Further, no air movement in the insulation layer
of the wall is taken into account. Generally the validity and reason-
ableness of such assumptions must be carefully considered.

A complete straight-forward solution of the problem is not possible.
However, a graphical solution is possible to obtain, which will be demon-
strated here.

3
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A solution procedure, based on the knowledge of the flow-pressure drop

characteristic of each component, was once outlined by Nylund (1966).

If two components (denoted 1 and 2) constitute a branch with flow resi-
stances in parallel the flow characteristics of them are written

q4,(sp) = £, (ap) (4.3.1.a)
and
9,(ap) = f, (aP) (4.3.1.b)

and the flow characteristic of the total branch will be

dyp (aP) = gy (ap) + a5 (ap) (4.3.1.c)

since the same pressure difference acts on the both resistances. This is

demonstrated in figure 4.3.1.c.

q * q,, (4p)
q, (Ap)
qy(Apy)+q,(Apy) 2
a,(&p,)
Q4 (Ap)
q,(Ap,)
Ap, Ap

FIG. 4.3.1.c. Resulting flow characteristic. Flow resistances in parallel.
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If two resistances (denoted 3 and 4) are connected to each other in

series the flow rate is the same in each of the both components and the

total system.
Q12 (Ap) = q1 (Ap1) = q2 (Apz)
and Ap (qO) = AD1 (QO) + Ap2 (qo)

See figure 4.3.1.d!

q | q, (Ap)

(4.3.1.d)

qz(/.\.p)

aQ;, (Ap)

oy

Ap1 (qo) Apz(qo) Ap1(q0)"Ap2(qo)

Ap

FIG. 4.3.1.d. Resulting flow characteristic. Flow resistances in series.

After finding out the flow characteristic of each component in the pre-

sent problem, parallel resistance branches should be replaced by single

components with a resulting flow characteristic. Hence the components

1, 23 9, 10 and 5, 6, 7, 4 should be replaced by three components. How

this is done graphically is shown in figure 4.3.1.e for the components

5, 6, 7, 4.
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q) Qg (AP)

g |

qi Q567 q,

Qg7

Ap

FIG. 4.3.1.e. Procedure to obtain the resulting flow characteristic of
a branch with resistances in series and parallel.

Doing the same thing with the branches 1, 2 and 9, 10 yields a pure
series network. See figure 4.3.1.f.
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—{12 { 3 {4567 8 }H{910 |—

|
\

Ap ot

FIG. 4.3.1.f. Series network replacing the one in figure 4.3.1.b.

The remainder of the solution procedure is quite simple. If the flow
rate is known the actual pressure drop APy ot is easily calculated simply
by adding the pressure drops of each component to each other. If the
total pressure drop is known the flow rate must be estimated and mostly
re-estimated until the sum of the individual pressure drops equals

APiot

4.3.2 Computer calculations

Reports on computer calculations of air flows in building components are
extremely rare. In most cases the reported works have been limited to a
certain flow problem and the calculation procedures have been designed
exclusively for the problem in question. Hence the computer programs
used normally are afflicted by severe lacks of universal applicability.

4.3.2.1 Computerized analysis of flow resistance networks.

Calculations of great complex networks of flow resistances arevery time-
consuming and sometimes impossible to perform by hand. A systematic com-
puterized calculation procedure can be obtained by means of a proper
computer program. Such a one, called JK-CIRCUS was written for this
research project. Parts of the computer program originates from a
program designed for analysis of electrical circuits; Anderson (1978).
The solution procedure involves the following stages:
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o The flow problem geometry is split up into finite parts - components.

0 The admittance, defined below, of each component is calculated.

o The computer calculates the potentials, p(Pa), in all nodes and flow
rates, g (m3/s), through all components.

In the case of (air) flow problems a component may be either of

0 a pressure difference between two nodes (active component)

0 a piece of permeable material (passive)

o a piece (in the flow direction) of a duct (passive)

0o a single resistance (e.g. entrance, exit, bend loss), (passive).

Each component of a circuit with two connections is called a branch.
Connection points are called nodes. Several branches can be connected to
the same node.

The notation used for pieces of material or ducts is shown in figure
4.3.2.1.a.

FIG. 4.3.2.1.a. Notation of geometrical properties of a component.

The computer program works with the concept of admittance. This property,
A, is defined by:
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9y [mg’/s] - A [m?’/(s : Pa):\. P, H (4.3.2.1.2)

Hence the admittance, A, is a linear operator on the pressure difference,
AP, across a component returning the flow rate, g, Here an analogy with
electricity is applied. The electrical admittance, Y, is defined by:

1[A] =y [av]- v [v] (4.3.2.1.b)

It is obvious that the admittance is inverse to the resistance in both

cases.

Now the algorithms for determining the admittance can be given: (cf. the

notation given in figure 4.3.2.1.a)

Permeable material

A——BQ-J-A-Az (4.3.2.1.¢)
X_n AX y ek
Ducts
3 7)
. R A4
A, (a,) A, . (4.3.2.1.d)

In general, the admittance of a duct depends on the flow rate, q,

in the duct. In the laminar case, however, the friction factor, i, is
inversely proportional to the flow rate, » = 96/Re = 96 - Az - v/2q,
so the admittance becomes constant.

Up to a certain Re-value the admittance of a pure duct component - i.e.
without any end effects - is constant. If Re-values are greater than that
the component behaves in a non-linear way, cf. figure 4.3.2.1.b.
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Al

—
|

LINEAR ~2300 NON LINEAR Re(q)
DOMAIN DOMAIN

FIG. 4.3.2.1.b. Schematic picture showing how the admittance of a duct

component varies with the Re-number.

Single resistances:

If the loss coefficient is denoted £ then

A (q) =24 bY - (4.3.2.1.¢)

vV, X

Unlike the duct the behaviour of a single resistance is non-linear for
any Re-number.

The reference computer program mentioned above, Anderson (1978), was
designed for linear electrical components only. Hence an extensive modi-
fication had be undertaken to make the program applicable to flow prob-
lems including non-1linear components.

A flow chart of the modified computer program is shown in figure 4.3.2.1.c.
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RUN
INPUT :
NUMBER OF NODES NMAX
NUMBER OF COMPONENTS KMAX

NUMBER OF ACTIVE COMPONENTS NUAC

——

INPUT :
COMPONENT NUMBER
FROM NODE NUMBER TO NODE NUMBER

ACTIVE OR PASSIVE COMPONENT, IF ACTIVE, PRESSURE DIFFERENCE
GEOMETRICAL DIMENSIONS

MATERIAL DUCT SINGLE RESISTANCE
PERMEABILITY COEFF . ROUGHNESS RESISTANCE FACTOR

SUBROUTINE START
CALCULATES START VALUES OF THE ADMITTANCES

SUBROUTINE | SUBROUTINE |SUBROUTINE
MATERIAL DUCT SINGLE RESISTANCE

NO

K

N

ARRANGE INPUT MATRIX FOR
SUBROUTINE ANALYSIS

YES

SUBROUTINE ANALYSIS (ANDERSON (1978))
RETURNS:

NODE PRESSURES
FLOW RATES IN ALL COMPONENTS

CONVERGENCE

CONTROL :
DOES ANY OF THE RECENTLY
CALCULATED NODE PRESSURES DIFFER FROM
THE STORED ONES OF THE LAST LOOP
BUT ONE WITH MORE

SUBROUTINE RECALC

RETURNS RECALCULATED ADMITTANCE  |ygg
VALUES FOR NON LINEAR COMPONENTS
WITH REGARD TO THE LATEST CALCULA-
TED -FLOW RATES

THAN €7

PRINT :

NODE PRESSURES
FLOW RATES
REYNOLDS NUMBERS
NUMBER OF ITERATIONS

END

FIG. 4.3.2.1.c. Computer program JK-CIRCUS. Flow chart.
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Some parts of the computer program need further explanation.

The subroutine START which calculates start values of the admittances
have different internal subroutines for material, ducts and single resi—
stances. The admittance of a permeable material is calculated straight
ahead - eq. 4.3.2.1.c - and the calculated value is then used throughout

the running of the program

For non-Tinear components, (turbulent duct flow and single resistances),
the start admittance value is obtained by means of a 1inear approximation.
First a test value of aAp is chosen equal to the greatest value possible
with regard to the given pressure differences (8py1gH}- The corresponding
g-value is Ap1eH- The slope of the secant from (0, 0) to (ApHIGH’ qHIGH)
is used as the Tinear approximation that constitutes the start admittance

value. Figure 4.3.2.1.d.

q=q(Ap)

A416H

0 Ap

HIGH

FIG. 4.3.2.1.d. Linear approximation of flow characteristic for a non-
linear component returning start value of the admittance.
Subroutine START.

If the flow rate S is not great enough to produce turbulence in a
duct (Re < 2300) then the secant is no approximation of course but gives
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the proper admittance value.
The calculation procedure of the subroutine ANALYSIS follows that of

electrical circuit analysis for which it was originally designed. An
equation system - eq. 4.3.2.1.f - describes the flow problem.

Ay A Mg Aguax Py a1

Aoy Aoy Rog ---Ronuax P) Ay,2

Ay Py Ayy -eAguny Py 1= lays (4.3.2.1.F)
Anmaxt Pmaxz Pumaxa© - Pamaxamax| | Pnmax ALY

The equation system is solved by Gaussian elimination technique.

In the calculation loops preceding the first one the admittances are
recalculated with regard to the latest calculated flow rates in each com-
ponent This is done in the subroutine RECALC. For components with non-
linear flow characteristics the admittance is determined by the slope of
the secant from (0, 0) to (Ap1(q1), q1) - figure 4.3.2.1.e.

ql

q

— -
Ap,(qy) Ap
FIG. 4.3.2.1.e. Determination of admittance for a non-linear component

in the iterations. Subroutine RECALC.
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The convergence control involves checking of the differences between
recently calculated node pressures and node pressures calculated in the
last loop but one. In most cases, presented in this work, the criterion
of necessety of doing a new calculation loop has been

P P

LOOP NO.S ~ "LOOP NO.S-1

> 0.005

PytcH

The computer program was written in BASIC. A format for input data is

presented in the appendix.

4.3.2.2 Computer calculation by means of relaxation

Relaxation is a frequently used calculation procedure for a variety of
potential flow problems. The relaxation procedure starts with an estimated
potential distribution. By means of iteration the distribution is modified
until a stable one is obtained. In the case of heat conduction in solids
with complicated geometry and boundary conditions, it is perhaps the most
commonly used technique to determine the temperature distribution in the
solid. See for example Holman (1963). Hence a number of computer programs
exist for this kind of problem. Such a program - developed at the division
of Building Technology at Lund Institute of Technology - was modifed to
make it possible to solve problems of air flow in building components too,
Andersson (1980). A flow chart of the programis shown in figure 4.3.2.2.a.
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START
INPUT:

GEOMETRICAL CHARACTERISTICS
MATERIAL PROPERTIES
BOUNDARY CONDITIONS
DESIRED QUTPUT

CALCULATION AND OUTPUT OF
SPECIFIC FLOW COEFFICIENTS

TNPUT -
INITIAL PRESSURE
REYNOLDS NO., SET TO ZERO
. CALCULATION OF PRESSURE
r‘ BY RELAXATION ]
TNPUT -
/MAXIMUM NUMBER OF ITERATIONS

CONVERGENCE CRITERION

FOR EACH CELL

PRESSURE

] PERMEABL
CALCULATION

MATERIAL

PRESSURE

YES |CALCULATION BY
HALF INTERVAL
SEARCH

REYNOLDS NO.
>2300 OR SINGLE
RESISTANCE
IN COELL

NO

[ PRESSURE CALCULATION |

NO YES

CALCULATION OF REYNOLDS
NUMBER AND SPECIFIC
FLOW COEFFICIENTS

CONVERGENCE NUMBER
CRITERION OF ITERATIONS
= MAXIMUM

SATISFIED
?

OUTPUT:

PRESSURES

FLOWS, REYNOLDS NUMBER
VELOCITIES IN X- AND Y- DIRECTION

STOP

FIG. 4.3.2.2.a. Relaxation program. Flow chart. After Andersson (1980 B).
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4.4 EXAMPLES

4.4 .1 Hand calculations

Flow through a straight crack, duct etc.

This is perhaps the most common flow problem in air flow calculations in
building physics. Typical applications are

o air flow in an air gap in a building component for removal of moist air

0 air infiltration through cracks and interstices of the building envelope

o air flow in ventilation ducts.

Being very common the calculation procedure has in many cases been made
much too simple. Thus many authors of works in building physics simply use
the Hagen - Poiseuilie equation without any attempt to take turbulence,
end effects or roughness into account, for example.

Example 01:

Calculate the air flow rate through a crack with dimensions according
to the figure below.

d
The algorithm for the calculation procedure is:
pum2

N 1
Pp = P = (gent oA Ha‘+ gex) T2
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where
Eont = (1 - )¢+ k. and
Eoy = - (1= a)%- k)

Friction factor, x:

Since d/b is quite high (=30) the hydraulic diameter,dH,can be set
equal to 2 b. (See figure 2.3.1.b). For the same reason i = 96/Re in

the laminar case.

Entrance and exit Tosses:

Eent and Eay 2re dependent of the ratio of constriction to frontal area,

s, the Reynolds number, Re; (see figures 2.3.2.4.c - d) and maybe of
the flow Tength, 1.

Solution:

First, make an estimate of the Re-number.

3 -6
- _ _Re .y _10° - 14,6 . 10 ° .
Re = 1000 => Un = 775 = 3 = 3.65 m/s

2 .2 .10

Since %—15 small (=0.05) the flow length is hydrodynamically long (figure
2.3.2.4.h) and no correction for short flow length has to be applied.

2
. _ 96 0.04 . 1.2 + 3.65° _
Right membrum = (1.78 +(Tﬁﬁﬁ C 0..002) > = 21.90 Pa <
4
0.96
< left membrum (=25)
Re = 1100 => um = 4,02 m/s
2
Right membrum =(1.69 + 0.87) - 1:3—é~5:93-= 24.8 Pa

& left membrum.

For a hand calculation this value could be close enough.
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Cf. a straight on calculation with the Hagen - Poisseuille equation
(eq. 2.3.2.1.e) neglecting entrance and exit losses.

-6
Ap - b™ 25 .2.0-10 - 5.95 m/s

u = =
mo12-mn- T 475,107 . 0,04

i.e. an overestimation of the velocity by around 50%.

Example 02:

In the first example the walls in the crack were considered to be rela-
tively smooth. However, if for example a fracture crack of a building
material is concerned,this assumption is a bit dubious.

Say that the crack width, b, stands for the distance between the mean
levels of the crack wall surfaces and o the standard deviations of the
local deviations from the mean Tevels. If o = 1 mm and b = 2 mm then
b/c = 2 and the flow factor ¢ = 0.70 (fig.2.3.2.3.€) if the surface
roughness 1is isotropic (v = 1). If this is included in the calculation
one obtains:

pumZ

i 1 ]
Py = Py = (ggpy e M H;'+ Sex) © 72

The flow resistance will be larger and after some estimations the solu-

tion
U = 3.64 m/s
is obtained.

A greater value of o, say 2 mm, yields ¢ = 0.49 and this would give
the result:

U, = 3.28 m/s

i.e. just around half of the value obtained by an unsuspecting use of

the Hagen - Poiseuille equation.
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Example 03:

Consider a duct with the following dimensions:

b=-20mm
l d=30mm
[ =30mm

9y

Calculate the pressure difference, Ap, when Re = 2000. b/1 = 2/3.
If o is put at 0.01 the flow length is hydrodynamically short -
fiqure 2.3.2.4.h. Eq. (2.3.2.4.d) yields:

_ 13 174
B = (Re - dy/1) 5
-5
dy=4 -b.d/2(b+d)=0.024n
B = (2000 - 0.024/0.03)'/3 . 0.011/% - 3.70

Eq. (2.3.2.4.f):

CC = -0.304 . 3.70 + 1.684 = 0.560
Ce = 0.792 . 3.70 - 0.782 = 2.148
Cf = 0.122 - 3.70 + 0.725 = 1.176

T 2 ] 2 pUp2
Ap = [}1 o)+ Ce - KC+C1c -A-—a-- ((1-0) -Ce'Ké%' 5
b/d = 2/3 so dH* = 1.08 dH (figure 2.3.2.1.b)
dH* = 1.08 - 0.024 = 0.025

Re - v _ 2000 - 14.6 - 107°

— = 1.35 m/s
mody 25 . 1073
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KC = 0.62, Ke = 1.0 (Figure 2.3.2.4.c and d)
bp = (0.56 - 0.62 + 1.176 - 64 0.03 +10)1;L1§i2—
po= {5 T t 17.08 . 2000 °~ 0.026 "' 2 -
= 1.52 Pa
Other examples
Example 04:
Flow through a bend. Dimensions etc:
Ly
2 (0
Py P
<
|
Um 2—7——T ?lz
€ =0.002m ‘ i
(4 =013 m, b;=001m P, ! J
l,=010m, b,=0.02m g l CONTINUES
0=0
P
b2

Calculate the pressure loss when Re = 1000
Bend loss factor Eb:

£, = kE/dH . kRe - & (eq. 2.3.2.4.h)

Al
It

45 ). ¢
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aO/b0 = o, b1/b0 =2 => (figure 2.3.2.4.1) ¢ = 0.57

gy = 45 a - 0.57 = 25.7 3

1 ou 2 1 pu_2
_ Y 1 m, 1 2 m,2
wp = (1= 0)" Ko v n g v 8) —7 * AT, 2
Re = 1000 => K_ = 0.78, = 96/1000,
5 L1000 - 14.6 - 1070
g, = 25.7 - 96 - 107° = 2.47, Um,1 T T, T 0
- 0.875 m/s
Uy p = 3 - 0.875 = 0.438 n/s
22 0.13 1.2 - 0.875°
o, - Py o= (1.0 + 0.78 + 9.6 - 1076 =124 2.47) L : +
1 =P = 7
2 . 10
2 0.1 1.2 . 0.438°
9.6 - 107 °. . R = 5.75 Pa
2.2 .10 2
Example 05:

Flow through a slot in contact with a permeable material.

An approximate solution can be obtained by use of eq. 2.2.2.f if
the width of the slot (=5 mm) is put equal to the diameter of the
cylinder (=2r).
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i\!—_(p1'p2)‘80‘2'ﬂ
- -1d
1 n - cosh =
b=100mm =>
qv/] ) 75 . 10?10 .2 o - 6.10 - 10-4
Ps - Dp -6 -1 0.1 T
P17 P2 17.5 . 1077 - cosh 7' ————— . pa
2.5 - 10
b =200 mm =>
a/1 75 . 1070 . 2 .4 530 . 107
- p, -6 -1 0.2 o
P17 P2 17.5 . 1077 . cosh™ ——— s
2.5 - 10
Example 06:
Flow through a slot in a thin wall
Lk
b
u =3 = C* [2Z- AP (eq. 2.3.3.b and d)

>
o
H]
—
(o]
el
o
fl
A
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Example 07:

Flow through a "key-hole".
Diameter, d = 8 mm

Flow length, 1 = 30 mm
Roughness, € = 0.5 mm

Re = 5000
bp = (Eopening tA "H) 2
( Re > 10 000

g . = &, (Re) + 0.342 e, (Re) - &
opening 0 0 opening
where

gy (Re) = 0.25

eq (Re) = 1.90

according to figure 2.3.3.b and

Re > 10 000
£

opening = 1.6

according to figure 2.3.3.a
since 1/d = 3.75
SO:

gopening = 0.25 + 0.342 - 1.90 - 1.6 = 2.05
A= 0.038 (figure 4.2.a)

-6
. - Re - v _ 5000 - 14.@3- 10 g 125 we
d 8 . 10
2
Ap = (2.05 + 0.038 - 3.75) . 12 5 9.125" _ 119 pa
q=u_ - A=9.125 .1 .42 .10 s =a.58 10

m

(eq. 2.3.3.9)

4 m3/s




113

Example 08:

Overlap joint between airtight plates

b4 P2 |b P1
Ir *-—J
|
b =20.001m 1 =0.05, 0.10 and 0.20 m respectively.
by = 0.014 m
Re - v 500 - 14.6 . 107°
Un = =4 ; Re =500 => u_ = ;3 = 3.65 m/s
H 2 .10
] QU2
b=y = (1= 024K+ argp- (1= 002 -k)) - 0 =
9 0.05 0.001,% 1.2 - 3.65°
(1.0 + 0.81 + 555 - —— =3 - (0 - 5gpz) - 1-0)) - ——
L iy . \E N . ) L y )
1.81 4.80 0.14 850

=52 Pa (1 = 0.05)

Similar calculations yijelds:

1 (m) ap  (Pa)
0.10 90
0.20 167

The consequenses on the flow rate per unit breadth are shown in the
figure below.
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qv/l-103, m3/(s-m)
[}

[=0.05m

[=0.10m

1=0.20m

0 10 20 30 40 50
Ap, Pa
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4.4.2 Computer calculations

4.4.2.1 Examples of computer calculations with flow resistance networks

Example 11:

Cavity brick wall with beams penetrating the inner Tleaf.

~

This is a typical design in many countries. If the cavity wall has a
bad air tightness and the clearance around the beams is large there is
a certain risk of discomfort in the house caused by movements of cold
air in the intermediate floor.

A part of the wall (height 3.00 m,breadth 0.30 m) was chosen to repre-
sent the "flow area" of the wall corresponding to the clearance on one
of the two long sides of the beam end. The back wall itself is assumed
to be air tight. The network used for the analysis is outlined below.
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17 16
10, 9 8
ﬂ 10 ;\012
4| |23 | |21 | |19
7 5
22 20 1
0
13 12
4 3 2
5 4
T o5 0.15
- DUCT = PERMEABLE = SINGLE
MATERIAL RESISTANCE

The roughness, ¢, was was put at = 0.005 m in the cavity and 0.001 m in
the interstice. Test pressure difference was 20 Pa.

The resulting flow rate through the interstice around the beam is

shown in the following figure as well as the percentage of the pressure
drop across the interstice compared to the total drop. An alternative
wall material (wood panel) is added too as comparison.

1.5

= PRESSURE
DIFFERENCE
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1
10-10™ 4
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8 N
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6 u
5 m
4 .
3 - PRESSURE DROP ACROSS
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| ) RRESSURE DROP (= = ==)
-5
. — 1
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i \ |
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6 ~< _ CAVITY WALL
10-10 — e ——

T 1
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Example 12:

Air flow in the intermediate floor of a timber-framed house.

Many people living in 13-storey timber-framed houses with intermediate
floors of a wood structure complain about cold floors on the second
floor. This example demonstrates the influence of different Tevels of
accuracy in size for a wood fibre board plate meant to protect the

floor from internal air movements.

The design is outlined in the figure below.

CLEARANCE 1mm (5mm)
LENGTH 13 mm
BREADTH 550 mm

CLEARANCE 0.5mm (2.5mm)

LENGTH 38 mm,BREADTH 200mm A

200

AIR GAP 150 mm
MINERAL WOOL 50 mm




Resistance network:

28

820Pa

P

DUMMY
RESISTANCE

119

23

DUCT

PERMEABLE

22 MATERIAL

26 SINGLE

RESISTANCE

PRESSURE
DIFFERENCE

—(O— - —-——-—.—
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Resulting air flows (m3/s)

CLEARANCE 1mm
LENGTH 13 mm
BREADTH 550 mm

CLEARANCE 0.5mm
LENGTH 38 mm
BREADTH 200 mm

o PR
s
Q0 ! -
/’ P (I4,
| A L I -
5 i —;ﬂ/ﬁ:“'ﬁ 24 I;’/://
KRty G ANNIES
[ ) k
s ) -
A N -
\'&Qb ////
200 -
-~
AR GAP 150 mm

MINERAL WOOL 50 mm

CLEARANCE 5mm
LENGTH 13 mm

BREADTH 550 mm e

CLEARANCE 2.5mm
LENGTH 38 mm
BREADTH 200 mm

200

AIR GAP 150 mm
MINERAL WOOL 50 mm
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Example 13:

Stud wall with permeable face wall.

A great deal of effort has been spent on studies on air flows in stud
walls of different designs and workmanships. Bankvall (1977). One in-
teresting point among many others is the problem of determining the

air velocity in an air gap between the stud wall and the permeable face
wall under influence of a pressure gradient along the facade. The flow
situation is outlined in the figure below.

10

g

I

AN RARREREAN

lERSARNAARAI

JESRARENARAN

UUUUJUUUUUL

2500 120+ 30 AR ABEERENNI
IASARENRERTIN
OPENINGS IN THE BOTTOM OF J
THE FACE WALL APPROXIMATED == 5
“#=  WITH A DUCT (WIDTH 5mm) Sum }
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Resistance network:

1 3
OOz NN 2O i a0

PERMEABLE
DuCT MATERIAL

é SINGLE PRESSURE

RESISTANCE DIFFERENCE
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q, - 102m*/(s-m) PRESSURE GRADIENT 10Pa/m
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4.4.2.2 Examples of computer calculations by means of relaxation

Example 21:
“Diagonal" flow in permeable material

In many cases air flow perpendicular to the plane of a construction, e.g.
a wall, is not the most relevant flow direction. Instead flow parallel
or almost parallel to the sides may be of interest. Consider the follow-

ing flow geometry!

[ws W
—k

For the computer calculation the geometry of the construction must

be divided into small rectangular elements. The lay out of the ele-
ments is called the mesh. One of the meshes used for this calculation
is shown below.

X- CELL NO. l
2 3 4 5

14 15 16 17 18 19 28 29 30 31
Y—CELL No‘ 2 LLL LL i L. L, ya

yyi C(LLLLL

oo

77777777 7 7777 7777 7. 7 4 (L
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RESULT:

(qy/1-10° m> /(s m)
| Ap =100 Pa

20 A

Bou/Boy=2
(Box=1OO‘1O m ,

10 A w=1mm, w;=2mm)
Boxllgoy:1
Box oy:2
(BOX:1OO-161° m° -
5__ W:\mm,w1:0)
0 T T T T -
0 0.5 1.0 1.5 2.0 2.5
d.m

A calculation has also been done for a case with a small air gap bet-
ween the insulation and one of the sides of the construction. The width
(0.002 m) was studied and the result is given in the diagram (the dotted
Tine). As can be expected, the flow rate gets larger than the corres-
ponding case without any air gap.

Example 22:

Stud wall with permeable face wall

The construction is similar to that of example 13. The mesh, the mate-
rials and boundary conditions are shown below.
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0.01
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0.045
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Result:
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Example 23:

Edge beam of lightweight-aggregate concrete

Quite a common foundation type for houses is shown below.

Mesh, dimensions, materials and material properties:
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e Building block of Tightweight-aggregate concrete
i) By =60 10710 2

0

Rendering, lime cement mortar or alternatively no rendering.

—_ . —5 2
By = 6.0 - 1077 m

_ -10 2
B0 = 1.0 . 10 m

Jointing mastic or alternatively caulking
By = 1.0 - 10720

Polystyrene cellular plastic

%
Egi Caulking of compacted mineral wool

By = 50 - 10710 2
& Concrete
& By=1.0- 10710 e
= Shallow stabilized bed of haydite
o By =800 - 10710 42

Resulting air flow rates at a pressure difference between inside and
outside the house of 100 Pa:

_ A -3
1.52-10° 1.55-10 1.36-10

= + 2

S, 7,47 107

qy=1.52-10m’ i(s-m)
RENDERED
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-4 -4 -

6.15-10 7.64-10 6.75-10

= =3 4
268910

q,=7.51-10° m>/ (s - m)
NO RENDERING

-4 -4 -3
6.13-10 2.15-10 7.09-10
——3 >
-3
> 6.48-10

qv:7.09~163m3/(s-m)
NO RENDERING, JOINTING MASTIC IN CELL (10,2)
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Example 24:

By-pass flow through air permeable material

If two adjacent spaces have a wall in common, by-pass flow is Tikely to

occur if the wall is made of anair-permeable material.

The geometry and

boundary conditions of the flow case investigated are shown below.

1.00m .
LLLL Z Z LLLLLLY, g
/] 4
y X
/
y 2 0.25m
/
A /
/] “
—
0 Pa 100 Pa
Three materials were investigated:
. . ~-15 2
Lightweight concrete B0 = 100 - 10 m
-10 2
Wood wool slab B0 = 500 10 m
. -10 2
Mineral wool BOX= 100 10 m
-10 2
B~.= 50 10 m
Oy
Result:
4R L SR AR E AP EE Y X XA AR TN XX RN NA NI AN AT AN A AT A AL RF IR XREIAIE LI AE N AR IR ARNEAN
“ *
NGOCNRNUONOD0GL111111 41 2TETIVY 9797 ¥
« ONGOCOCONCNNOnt1iitt 8555999 F939 %
¥ r_!r""\r'r‘qpnmut 111 GRRIIGGITIRGTIT 4«
. 1 5535535 755955F +
R ¢ 77888 59595959999559F «
‘ aonnuJnuUOUUDuuunP1*111111: STTTTEB PGHIIFITITITGHT %
» ANINO0O0000000COG00011 111112 777788585 179559999559599995 &
# l,'ﬂ—)UB'J!JDL_.L)DLUDDU\JLJJL:DLJL1}.1111 T7EE3BBRBTITITITIIVNFIIITICIFTGIT #
: NEASE8T999999559993999959599999 #
s 3AETTIGTTTTIITFIFIVIIIIIIIIIGGI *
» 5999939959999999995999999999995 &
+ *
FAATER 2 A2 A RE S 2 At A A HAA IR N A AN EEFRAA A A A F AN FE AL A AR AR AN R XXX EE XA NS S &

Pressure distribution.

Lightweight concrete. g

6.29 -

)

7 m3/(s - m).

,by-pass
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5 FLUCTUATING VS. STEADY STATE PRESSURE DIFFERENCES

The whole content of this work has hitherto been based on the assumption
of steady state pressure differences causing the air flow. For most cases
this is probably a proper assumption. However, if further investigations
of the real nature of air infiltration, for example, is to be undertaken,
unsteady state pressure differences are likely to be taken into account.

5.1 THE NATURE OF THE FLUCTUATIONS

There are principally three possible ways for pressure differences

across a building component to occur. The pressure differences may be
caused by:

0 wind
o density differences between warm and cold air
0 the ventilation system

While the Tatter two create rather steady pressure differences, wind
always implies fluctuating pressure differences.

The instantaneous value of the wind velocity is often written:
u (t) =u +6u (t) (5.1.a)

where
u is the time average of the wind velocity and ¢ u (t) a randomly fluctua-
ting component added to u.

The standard deviation, o, can be estimated by:

t
o217 () - W% dt = Lsu (£)% dt
u t 0 t

where t is the time used for averaging. A commonly used value of t is 10

minutes, since this is the time used by meteorological stations to create

the average value of the wind velocity.
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The value of the average, u, at a place near a building is affected by a
number of different factors, such as:

o geographical location

o height above ground

o atmospheric turbulence

o turbulence caused by the surroundings and roughness of ground.

If the wind velocity at a place is studied, certain periodical elements
may be observed. Hence, a so-called wind energy spectrum can be achieved.
Perhaps the most commonly quoted one is that of van der Hoven -

van der Hoven (1957). Figure 5.1.a.

SSEE_CRTGRYUM-IF T T T —Tr T T T T T T T T T T
2 ]
(m/s) i
4 1
I
] I
I
J i1
h
_ |
|
hy
4 /l,\\_
=== T4 3 5 PR —T 1T T B
FREQUENCY‘ h_1 10 10 10 10 2 5 1 2 5 1020 50100200 5001000
T IME |NTERVAL,h 10000 1000 100 10 5 2 1 .5 .2 .1 .05 .02.01.005.002.001

FIG. 5.1.a. Energy spectrum of the horizontal wind velocity component
100 m above ground at Brookhaven, N.Y., USA. After
van der Hoven (1957).

From the figure it can be seen that there exists anumber of peaks corre-
sponding to different frequencies. Thus the first one is associated with

one year variations, the second one corresponds to the passages of depres-
sions with a time interval of approximately 4 days at this particular place.
The third weak peak is related to wind velocity variation twice a day and
the fourth to what is called turbulence. In this case the corresponding
frequency 1ies around 40 h_1 i.e., as an average, one wind gust
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every 1.5 minute. The frequency of what can be called the turbulence peak
is not very stable but depends to quite a degree on the vertical tempera-
ture gradient. If this is strongly positive, which is the case on clear,
cold nights the frequency can be as high as 0.1 5_1,wh11e on a hot day
with negative temperature gradient the frequency will be 0.002 - 0.02 5_1.
Israelsson (1979), Lumley & Panofosky (1964). At frequences above the
peak the Tine in the energy spectrum decreases exponentially with an ex-
ponent of -5/3, Kolmogorov (1941), and no more peaks occur at higher fre-

quences - the fluctuations become exclusively random.

To study this, some studies were made of the wind pressure acting at the
3rd floor of a south facing wall of the laboratory building of the School
of Civil Engineering, Lund Institute of Technology. The pressure differ-
ence was measured by means of an electrical micro manometer - Furness
Control Ltd - and measurement values were sampled every 0.175 s. A total
of 1024 samples were taken in each experiment and the measurement values
were stored in the memory of a memory oscilloscope and eventually trans-
ferred on to paper tape by means of a tape puncher. The recorded time
series of wind pressure data was analysed by means of a spectral analysis
subroutine package - IDPAC - developed at the Department of Automatic
Control at Lund Institute of Technology, Wieslander (1980).

WIND PRESSURE, Pa ‘ WIND PRESSURE, Pa

_ 204
204

T T T L T T O T ¥ T
0 1 2 3 0 1 3
TIME , MINUTES TIME, MINUTES

T T

N -

FIG. 5.1.b. Wind pressure vs. time.
(a) (b)
Mean 12.27 14.00
Standard deviation 2.47 1.91
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Figure 5.1.b shows the realizations of the two monitored time series. In
each of them a trend was found - figure 5.1.c - which was subtracted from

the measurement values in the spectral analysis performed later on.

WIND PRESSURE, Pa WIND PRESSURE, Pa
13.54 .
u 15.0 4
1301 .
4 1454
12 54 -1
- 14.04
12 04 T
- 1354
11,54 o
4 13.04
110 n T T T T T T T T T T T
0 1 2 3 0 1 2 3
TIME, MINUTES TIME, MINUTES

FIG. 5.1.c. The trends in the time series.

The spectral analysis was performed with so-called discrete Fourier trans-
formation, and the results can be seen in figure 5.1.d, which shows the

amplitude spectrum.

AMPLITUDE AMPLITUDE
100.000 100.000H
4 4
4 i
10.000— 10.000—
1.000— 1.000—
4 4
0100 0.100—
4 4
0.010 0.010-
0001 0.0014

l T T r T T I T l L T I T T r T
0.01 010 1.00 001 010 1.00
FREQUENCY, Hz FREQUENCY, Hz

FIG. 5.1.d. Amplitude spectrum. Discrete Fourier Transform.
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From the spectra it can be seen, at least in this experiment, that there
obviously do  not exist any peaks in the high frequency range. Hence,
even as far as pressure fluctuations are concerned, the Kolmogorov assump-

tion seems reasonable.

Apart from fluctuations in pressure caused by direct wind fluctuations
there exist other pressure fluctuation phenomena too, which may cause
air infiltration. These will not be discussed here, but it may not

be out of place to mention for example the concept of air exchange by
penetration of eddies, Malinowski, (1971) and that of turbulent diffusion,
(Cockroft & Robertson (1976) and Warren (1977). A good abstract of these
matters is given in Handa et al (1979).

5.2 PRESSURE DISTRIBUTION UNDER FLUCTUATING PRESSURE CONDITIONS

In permeable material the same kind of physical behaviour concerning
potentials and resulting potential flow is likely to occur as that of
other potential flow situations. A differential equation, based on a
formulation of Darcy”s Law, and simplified in the way that

N LT T ) (p - PO) (5.2.a)
where

o = density of the air, kg/m3

g = density when p = Pg> kg/m3

Kyip = compressibility of the air, pa”!

p = pressure, Pa

Py = original pressure, Pa

and assuming that the permeable medium is elastic with compressibility
is (Scheidegger (1963)):

m

azp ap
a - oP (5.2.b)
ax2 ot

where the "air diffusivity", a (mz/s), is
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a = (5.2.c)

where P is the porosity of the permeable material and K is the compressi-
bility of the material.

In analogy with heat conduction for example,certain combinations of a,

1 (1eng}h)and t (time) have a physical interpretation. Thus the length

scale 1 of an unsteady state problem is described by:

Va .t (5.2.d)

ny
and the time scale, t:

N
1

2

—

n,
t = (5.2.e)

?|

In the following some solutions of the governing differential equation
will be penetrated.

One dimensional flow is studied. The Timits are x = 0 and x = L.

A. Time domain solution

In this case the response of a step change is investigated. The step
change is described by:

il
It

Pg for x = 0 at all times

1!
1

Py for x = L at all times

Pg everywhere for t = 0

The solution of this problem can be shown to be:

b lp-0) X 4 2o =p.) -
p = pO (po p1) i + n(po P1) .

N 8

1
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which can be verified by derivation.

In order to give a series of "standard" solutions, it is convenient to

introduce the following dimensionless parameters:

€ :4% (relative length) (5.2.9)
F=2. i? .t (relative time) (5.2.h)
L
jo- 0P (relati ) (5.2.1)
= EKBB~:"5;7_ relative pressure 2.
In this notation eq. (5.2.d) can be written:
22
N (- 76
W=1-— = - e - sin(nme) (5.2.k)
Ce T n=1 n

In figure 5.2.a a series of solutions of eq. (5.2.h) are given.

W i
1.0 -

0.8 1

€-0.75

0.6

0.4

| [ ] l | |

0 0.2 0.4 0.6 0.8 1.0 1.2

mYy

FIG. 5.2.a. A series of time domain solutions for linear unsteady state
flow in porous media. After Shchelkachev (1946).
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Example

Consider a plate of a porous material, 0.50 m thick. Let the pressure
on one side (x = L) equal 100 Pa (= p1) and let theinitial pressure in
the material and constant on the other side (x = 0) equal 0 Pa (= po),

Study pressure vs. time in the middle of the specimen (x/L = 0.5)!

po'p

2‘(‘: = = = _p :.p_
ST 0.5, W Py = py) 0.5 (-100) 50
Mineral wool:
B -10
&= T 0 e i ?g - 10 _5 - 29.2 n?/s
n * Kair m 17.5 - 10 “(0.99 - 0.99 . 10

+ 0)

+
"
(]
lan]
—
wn
1}
%

.t=2 .25 .0.001 =2.33

From figure 5.2.2 it can be seen that if e = 0.5 and F = 2.33 then
W=1and p=50-W=50Pa <=>equilibrium state. If t = 0.001 s then
F=0.233 and W = 0.54 => p = 50 . 0.54 = 27 Pa.

In the same way

t =0.002s =>F=20.466 =>W=0.83 =>p=41.5Pa
t = 0.0005 s =>F =0.117 =>W=0.219 =>p = 10.9 Pa
t = 0.0002 s => F = 0.047 => W =0.039 =>p=1.95Pa
t =0.004s =>F=0.932 =>W-=0.969 =>p=48.4 Pa

The figure below shows the pressure rise in the middle of the plate
(x = 0.25 m).
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MINERAL WOOL
45

404
35+
30
25
20
15

10

Lightweight concrete:

15
a = 190 - 10 = 8.2 - 107 wP/s
17.5 - 107° (0.70 - 0.99 . 1077 + Q)
F=2.82: 107" t=6.56 - 1070 . t
-2 82l -6 .

The resulting curve for this material is shown below.
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p, Pa

>0 LIGHT WEIGHT
45 CONCRETE

40
35"
301
25+
20
15

10

.

O LRI | I TV VT [T veTg

T 1
10 20 30 4090 100 150200 300 t,s

In the case of laminar flow in a duct of width = b the specific

permeability coefficient may be replaced by b2/12; cf. eq. 2.3.2.1.d.
P =1 and Kmat = 0. Thus:
2
_ b
3 = iy (5.2.1)

The time for establishing equilibrium state is very short for ducts.
For b = 0.001 m

1076

a =
12 . 17.5 - 1070 . 0.99 . 107°

v 2
If 1 = 0.1 m the time scale, t = %~ , indicates a time of only

0.01/481 = 2.1 - 107°

- 481 m?/s

s to create equilibrium.
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B. Frequency domain solution

Consider a case according to figure 5.2.b.

Py=A sin(wt«e)Pa

FIG. 5.2.b. Initial and boundary conditions. Frequency domzin solution.

The analytical solution, using a complex number calculation procedure, is,
Carsiaw & Jaeger (1959):

o (-1)”(2n+1)(4L2mCOS —a(2n+1)2-n2 - sine)
p = A sin(wt+e+d)+dma = (

n=0 161 % 2alnt (2ne)?
2 2 2
.e-a(2n+1) -mot/41° oS (2n+1)mx ) (5.2.m)
2 1
where € = initial phase angle lag,
A = ( cosh 2 kx + cos 2 kx)% (5.2.n)
cosh 2 k1 + cos 2 ki
(b - arg ( COSh kX (1 + 1)) (5.2.0)

cosh k1 (1 + 1)
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and

Vi
i

= ()P = () (5.2.p)

where w = periphery velocity, rad/s and f = frequency, Hz.

The quantities A and ¢ which are the amplitude and phase of the pressure
oscillations at the point x,are functions of the two dimensionless quanti-
ties x/L and k - L. The variations of A and ¢ as functions of these two
dimensionless quantities are shown in figure 5.2.2.c and figure 5.2.2.d.

A
1.0
k- L=05

1
0.8 -

1.9
0.6 -

2
0.4 - 3

5
0.2 -

10
O [ | | !

0 0.2 0.4 06 0.8 1.0
x/L

FIG. 5.2.c. Variation of amplitude of the steady oscillation of pres-

sure in a slab caused by harmonic surface pressure.
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¢ (DEGREES)

-600
k-L=
10
-500
-400
-300- .
-200-+ 3
2
-100+ 1.5
1
0.5
O | I | I
0 0.2 0.4 0.6 0.8 1.0
x/ L

FIG. 5.2.d. Variation of phase of the steady oscillation of pressure
in a slab caused by harmonic surface pressure.

To make the reader familiar with the magnitude of the parameter k - L
figure 5.2.e shows how k varies for different frequencies and a-values.
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,,/153mm

1 1 T

T
0.1 1 10 100
f, Hz

FIG. 5.2.e. k vs. f with a as a parameter.

5.3 AIR FLOW UNDER FLUCTUATING PRESSURE CONDITIONS

Suppose that for a certain flow passage the relationship between pres-
sure differences, Ap, and flow rate, q,> can be written

q, = A - bp (5.3.a)
where B is an exponent

0.5 <B<1 (5.3.b)
Now

AP = Py = Py (5.3.¢)

where Py and p, are the pressures on the two ends of the flow passage.
Suppose Py = 0 and

Py = Pp * Py sin (ut) = ap (5.3.d)
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i.e. the pressure difference is described by a harmonic pressure oscilla-
tion with the mean 56’ and amplitude Py-

Thus:

a, = A (pg + p, sin (wt))® (5.3.¢)

We are interested in finding out how the time average of the flow rate,
E;, depends on the exponent B and the amplitude pp. It can be expected -
figure 5.3.a - that q, gets smaller as the exponent varies from 1.0
towards 0.5. A high amplitude will be likely to work in the same direc-

tion i.e. Towering a;

qdy . m3/s

A

FIG. 5.3.a. The transfer procedure from fluctuating pressure differ-
ence to resulting air flow rate. Freely after Handa et al.
(1979).
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To be able to see the quantitative effects of non Tinear relationship
between pressure difference and flow rate on the time averaged flow
rate a; it is necessary in some way to integrate eg. 5.3.e over a period.

27/ w
on - G, =S A (Bg + by sin (ut)® (5.3.)
t=0

This can hardly be done analytically,but it is a simple case to do it
numerically. The result is shown in figure 5.2.3.b for a case with EB =

= 10 Pa and g at steady state 1.0 - 1073 m/s.

RESULTING MEAN FLOW (FLUCTUATING PRESSURE)-100

/\IRFLOV\/(STEADYSTATEPRESSURE)(:1,OO-1O'3 mis) °
100 —=
0.25
98 0.50
96 0.75
94
92
90 1.00
AMPLITUDE / MEAN PRESSURE DIFF.(=10Pa)
<‘=_
0
0.5 0.6 0.7 0.8 0.9 1.0
EXPONENT B
FIG. 5.3.b. Resulting mean flow at fluctuating pressure difference as

a percentage of the air flow at steady state pressure
difference for different exponents, B, and with the rela-
tive amplitude as a parameter.
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From the analysis above it can be stated that rapid fluctuations influ-
ence the flow rate only little. If the fluctuations are slow it is possible
to calculate the flow rate as if the problem was a steady state one,using
time averaged values.
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6 LEAKAGE CHARACTERISTICS OF SINGLE BUILDING COMPONENTS
AND BUILDING ENVELOPES

6.1 BUILDING COMPONENTS

Air Teakage characteristics of walls have now been investigated for
some 6 decades. The earliest investigations concerned masonry walls.
Several works may be mentioned e.g. Building Research Board (1921),
Houghten & Ingels (1927), Raisch (1928), Larson et al. (1929), (1930 A)
Raisch & Steger (1934), FKA (1943), Nevander (1949), (1958), (1961) and
(1969). Presoly (1962) reports some experiments on lightweight concrete
masonry walls.

b

A summing up of results from different Swedish investigations is given
in table 6.1.a.

Figure 6.1.a gives examples of leakage curves for some of the tested walls
in table 6.1.a.

It can thereby be noted that while wall No. 10 shows a linear characteris-
tic, wall No. 12 behaves non-linearly. The result can probably be ascribed
to the influence of different masonry quality. Wall No. 10 has the mark
"good" and No. 12 "bad" workmanship. However, the absolute air tightness

is about the same.

Wall No. 10 is rendered on one side. In the case of wall 12 there are
1ikely to be separate flow paths in the form of holes or other larger
openings penetrating the masonry in addition to the air permeating the

material.

Rendering on masonry walls reduces the air leakage rate substantially.
Thus the results above indicates a reduction with a factor of 40 - 60%

for single sided and 75 - 85% for double sided rendering. Higher reduc-
tions still are presented in ASHRAE Handbook of Fundamentals (1968).
Figure 6.1.b. The values originates from the foreign, early works present-
ed above.
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Air Teakage of masonry walls.

Abstract from Swedish measurements.

NO.  YEAR  THICK- BRICK  SORP-  WORK- JOINTNING  NUMBER  AIR LEAKAGE NOTES
NESS TION  MANSHIP  RENDERING  OF TEST
m 1) 3) 2) 0BJECTS  m /(s - m%)
1 49 0.38 H - - 2 R 3 3.1-107° o = 1100 kg/m®
2 0.38 s - - 2R 1 3.9.107° b = 1600 kg/m>
3 0.38 S - - 2R 1 4.7.107> o = 1400 kg/m>
4 0.30 5 - - 2R 1 5.0.107° o = 1200 kg/m®
5 0.38 S/ - - 1R+1P 3 8.3.107° p = 1600 kg/m>
6a 0.38 s - - 0 2 z.8.107% o = 1600 kg/m
6 b 1R 2 1.7-107%
6 ¢ 2R 2 6.9-107°
7a 0.25 s - - 0 3 5.5-107% o = 1600 kg/m>
7b 1R 3 2.5-107%
7c 2R 3 8.9-107°
8a 58 0.12 H HIGH BAD 0P 1 g.3-107
8 b 7.7-107% Retested after 5 months
9a g.12 H HIGH BAD 1 Pa 1 4.4-107
9b . 55107 Retested after 5 months
10 0.12 H HIGH 00D 1pb 1 2.2-107"
1 a 0.12 H HIGH GOOD 1 Pb 1 1.4.107°
b 1.4-107% Retested after 5 months
12 a 0.12 H LOW BAD 0P 1 3.3.107% Non Tinear
12 b 2.8-107 Retested after 5 months
13 a 0.12 H LOW 600D 1pb 1 8.3-107°
1.1-107% Retested after 5 months
14 61  0.12+40.12 H HIGH NORMAL 1 Pb 1 3.6-107% Cavity wall. Floated back.
Side leakage?
15 a 0.12+0.12  H HIGH NORMAL 1 Pb 1 5.3-107% Untightened sides
15 b 4.4.107% Tightened sides
16 a 69 0.12 H LOW P 1 Pa 3 3.9-107"
3 1.8-107 One side treated with
brick dust suspension
17 a 0.12 H HIGH p 1 Pa 3 4.3-107
i7b 3 8.3-107° One side treated with
brick dust suspension
1) H = hollow brick 3) perforated horizontal joints
S = solid brick
2) 0 =.no rendering
1 R = rendering on one side
2 R = rendering on two sides
P = pointing of the joints
Pb = pointing of the joints at brick laying
Pa = pointing of the joints after brick laying
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AR LEAKAGE RATE 3 3 2
AREA x107, m /(s m7)

[}
1.0

0.9- ]

| -

0.74
0.6+
0.5+
0.4

0.3-

WALL NO1O =
12a e
12bH a

0.2+
0.1

o
o

T T T 1T T T vV VT 1T 1 Tt T 1

|
0 50 100 150 200
PRESSURE DIFFERENCE, Pa

FIG. 6.1.a. Air leakage of masonry walls.
After Nevander (1958).
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Air leakage of brick walls constructed
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A=z plain wall,0.21m (81/2in) thick,

B - A but rendered with two coats
of prepared gypsum plaster,

C=plain wall,0.33m (13in.) thick,

D =C but rendered like B

E = C but with furring, lath and two
coats of prepared gypsum plaster

After ASHRAE Handbook of
Fundamentals (1968)
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The air tightness of wooden walls was studied in the United States in the
late twenties, Larson et al. (1930 B). The tested wall construction was:
bevel siding painted or cedar shingles, sheating, building paper, wood

lath and three coats of gypsum plaster. The average leakage rate is shown
in figure 6.1.c.

5 3 2
AIR LEAKAGE RATE _ 405 3 /(2
AREA

T : T I T T T T T | I
0 10 20 30 40 50 60 70 80 90 100
Ap, Pa

FIG. 6.1.c. Air leakage of wooden walls. After Larson et al. (1930 B).

Valuable contributions to the knowledge of how airtight stud walls are
was given by Granum et al. (1954). The testswere carried out at pressure
differences between 100 and 700 Pa and the succesive pressure drop with-
in the wall was also measured. It was shown that the air leakage rate
varied considerably depending on the design and the quality of the work-
manship. It was claimed that the exponent B in a relationship,
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q, = A . ApB, in most cases lay around 0.7. The greater part of the total
pressure drop across the walls took place in specific airtightening layers
such as board plates, paper layers etc. The tightness of overlap joints
was proved to be strongly dependent on the degree of compression of the
overlap. It was also found that a good tightness requires an undamaged
paper layer but a reasonable number of nail holes or small rips did not
materially increase the leakage rate. Great leakages were reported where
the floor joists seat in the wall, and between window frames and the wall.

The air tightness of different walls for factory buildings was investigat-
ed by Andersson (1978). The results indicates that it is possible to
achieve a relatively high degree of airtightness of such walls (Teakage
rate of ¥ 1 - 10_4 m3/(s . m2)) provided that the problem spots of con-
centrated air leakage at joints in the walls and between the wall and win-
dows/doors are thoroughly sealed. Certain elements of "traditional" tech-
nology and workmanship have to be abandoned to provide good airtightness.
An example of this is "free" connection between the vapour barrier (poly-
ethylene sheet) without any compression of the joint between the sheet and
the tight construction.

The airtightness of different windows has been investigated to a certain
degree. The results will not be reviewed here since the window types dif-
fer quite a lot from each other in the different investigations. However,
it may not be out of place to mention some of the authors of more general
works. Thomas & Dick (1953) carried out a pioneer work concerning air in-
filtration through gaps around windows. Birkeland & Wigen (1955) studied
the influence of caulking of the gaps around windows. A classical investi-
gation of the influence of gaskets in window joints (between casement and
window frame) was made by Dalaker (1961). Later Swedish works on this
matter are Hoglund & Wanggren (1979) and Jergling (1979).

The knowledge of the airtightness behaviour of other building components

and the connections between them is generally poor. However, a recently
published work, Carlsson et al. (1980) describes very detailed building
design solutions intended to achieve a high degree of airtightness of
various building components in both the design stage and in the house
production stage.
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6.2 BUILDING ENVELOPES

The building envelope is here considered to consist of the total climatic
shelter of a building. The knowledge of air leakage characteristics of
building envelopes of different buildings has been extended substantially
during the Tast few years. This is due to a high degree to the rapidly in-
creasing use of the pressurization technique to test the airtiahtness of
whole buildings. The pressurization procedure, as well as error analysis
etc. of the method is described in Kronvall (1978) and (1980 A).The concept
is nowadays rather familiar to many people. Thus, in this work, only the
results from such tests will be discussed.

The pressurization procedure establishes a relationship between pressure
difference across the building envelope and resulting leakage rate.

In most cases the result is given as a leakage curve - figure 6.2.a.

LEAKAGE RATE
|

PRESSURE DIFFERENCE

FIG. 6.2.a. Leakage curve from pressurization test.
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The leakage rate at 50 Pa is often chosen as a kind of reference value
and, in order to make comparisons between houses of different sizes
possible, the leakage rate is often divided by the volume of the house
or, sometimes, the area of the envelope.

From pressurization practice it can be observed that the shape of the leak-
age curve differs from house to house. The extremes of the shape are a para-
bolic curve on one hand and a straight line on the other. It is tempting

to claim that this corresponds to complete turbulent flows in the flow
paths of the envelope and complete laminar flow respectively. While the
second statement is reasonable, the first one is quite dubious, since

other phenomena than turbulence may cause the flow rate to be proportional
to the square root of the pressure difference. Obviously, since single
resistances like entrance, bend and exit losses operate on the square

of the average velocity in the flow path, turbulence is not the only
reason. This will be discussed more in detail below.

A versatile way of describing the relationship between leakage rate and
pressure difference is to use a power function

- B8

A, tot = ¢ ap (6.2.a)
where

a is a flow rate coefficient, m3/(s . PaB)

g is a flow exponent, 0.5 < B <1

It is sometimes claimed that this expression is in conflict with a proper
description of the physics of the flow. Of course, such an objection is
correct and perhaps it would have been wiser to use a quadratic equation
of the form

2

Ay, tot © €2 " 9y, tot (6.2.b)

Bp =y ¢

where the relative contributions of laminar flow on the one hand and ori-
fice and single resistances and turbulent flow on the other could be shown.

A third way of making the description, used especially in the Anglo-Saxon
countries, is by using the concept of equivalent leakage area, Aeq’ defined

as follows - cf. eq. 2.3.3.b - i.e. an equation for turbulent flow through
a sharp-edged opening in a thin wall.
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q
A = v, tot (6.2.¢)

€q 2 Ap
Ca o

Thus the leakage behaviour of the building envelope is described as an

area, Aeq’ producing a certain fiow rate g £ at a certain pressure

v, to
difference, Ap. The choice of Ap seems to be rather arbitrary. Cd is a
coefficient of discharge usually given the value of 0.6. Aeq has a con-
stant value in an interval of Ap only if the Teakage flow is proportional

to the square root of the pressure differences in the interval.

Some researchers use a leakage function, f1(Ap) defined as:

qV, tot = f](Ap) + Ap (6°2-d)

The observant reader realizes of course immediately that this is nothing
but an "overall" admittance of a building envelope - cf. eq. 4.3.2.1.a.

The leaky envelope of a building may be considered to consist of a rich
variety of different flow paths from tiny cracks and airpermeable material
to relatively large (hidden) openings. It is possible to simulate the air
leakage characteristic of a house by assuming arbitrary combinations of
different flow paths. For the case of pure crack/duct flow, an example of
such a simulation is shown in figure 6.2.b.

Perhaps the most astonishing thing about this simulation Ties in a compari-
son between the leakage rates of different leaks. Though quite long - 20 to
70 running-metres - the narrow cracks No. 1 - 6 with widths between 0.075
and 1 mm create only minor contributions to the total leakage. Wider cracks,
(5 to 10 mm), however, have a substantial influence on the total leakage,
even though their lengths are quite small (1 to 5 running-metres).

The total leakage curve of figure 6.2.b will be analysed in accordance with
the four different ways of description reviewed above.
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DESCRIPTION OF FLOW PATHS:

FLOW PATH NUMBER 1 2 3 4 5

LENGTH IN FLOW

DIRECTION (m) 0.25 0.225 0.20 0.175% 0.15
WIDTH (m) 0.000075 0.0007 0.00025 0.0005 0.00075
LENGTH (m) 70 60 50 40 30
ROUGHNESS (m) 0.0000075  0.00001 0000025 0.00005 0.000075
FLOW PATH NUMBER 6 7 8 9

LENGTH IN FLOW

DIRECTION (m) 0.125 010 0.075 0.05
WIDTH (m) 0.001 0.0075 0.005 001
LENGTH (m) 20 5 2 1
ROUGHNESS (m) 0.0001 0.00075 0.0005 0.001

FIG. 6.2.b. Simulated leakage characteristic of a house assuming crack/
duct flow only. ZZ = 1.5. After Kronvall (1980 B).
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Power function approach

The result of a Teast squares curve fit to a power function was:

0.57 , 3
4y, tot = 0.047 - op (m°/s)
In addition, for each 5 Pa-interval (except the first one - being 1-5 Pa)

the exponent g is displayed in the figure.

The exponent, g, was calculated as

q
]n(q_vi_l)
g = v,2 (6.2.e)

A,
n 'A—bz

Thus the exponent of the potential expression seems to have a rather con-
stant value for all pressure differences. Some authors have claimed that
this is not the case; Nylund (1980) and Grimsrud et al. (1979), for example.
Their opinion is that the exponent is close to 1.0 at lower and close to

0.5 at higher pressure differences across the envelope. However, it rather
seems to be that high leakage rates are caused by quite few, large leaks.
The dimensions of these are big enough to create either turbulent flow or
flow with such high velocities that in and outlet effects become consider-
able. It is obvious that the duct width has a very great influence on the
leakage rate. Once a leak of large dimension is introduced.

0o the total leakage rate increases strongly,
o the exponent g of the total flow curve is altered,
o the value of g - in the total flow curve - does not vary much in differ-

ent pressure difference regimes.

Quadratic equation approach

The result of a least squares curve fit to a quadratic equation was:

_ 2
Ap = 16.7 - Ay, tot * 238.1 - qv’ tot

which shows that the influence of the second term is considerable.
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Equivalent leakage area approach

The equivalent leakage area can be written:

q
Aeq - ! . Vv, tot (6.2.e)
d 0

For Cd = 0.6 and p = 1.25 kg/m3 the equivalent leakage area was calcu-

lated for different pressure differences. The result is shown in figure
6.2.C.

0 | I T I I I I l | ]
0 5 10 15 20 25 30 35 40 45 50
Ap, Pa

L

FIG. 6.2.c. Equivalent leakage area for house envelope leakage in
accordance with figure 6.2.b.



163

From the figure it can be seen that at Tow pressure differences the equi-
valent leakage area decreases strongly. The value of Aeq at 1 Pa differs
from that of 50 Pa by around 25%. This is the case even though the ex-
ponent formula in the power expression approach was found to be quite
close to 0.5. If g = 0.5 the Aeq—va1ue must be constant by definition.

For narrow cracks the deviations from a constant Ae value are likely to

q
be larger still, of course.

Leakage function approach

According to definition the leakage function f](Ap) simply equals
the ratio between Teakage rate and corresponding pressure difference.

The resulting curve for the present example is shown in figure 6.2.c.

Obviously the leakage function varies within a large interval, and it seems
to be rather high at small pressure differences. This behaviour was also
found in field studies reported from the Lawrence Berkeley Laboratories,
Grimsrud et al. (1979), from which figure 6.2.e is taken.

Grimsrud et al. were using a method of testing the Teakage behaviour at
small pressure differences by means of a device creating fluctuating
pressure difference - the AC method. They were, however, not able to ex-
plain the rise in the leakage function at low pressure differences. In-
stead they expected a linear relationship between pressure difference and
flow - i.e. constant leakage function - to occur in the low pressure domain.

The results may be explained if different basic duct/crack flow cases are
studied. The figures 6.2.f - h are based on calculations of flow rate
through ducts of different widths and with different values of total single
resistance loss factors.
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f (Ap)-102, m3/(s- Pa)

}

2.6+
2.4
2.2
2.0
1.8
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0.8 -
0.6
0.4
0.2
0 T T 1 T T T T ]
0 5 10 15 20 25 30 35 40 45 50

Ap, Pa

T

FIG. 6.2.d. Leakage function for house envelope leakage in accordance
with figure 6.2.b.
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FIG. 6.2.¢. The leakage function of the structure in the loose (1) and
tight (2) configurations vs. the applied pressure. Each point
represents a one-minute average reading at a particular fre-
quency and displacement. Points of the same displacement have
the same symbol. The curves are the weighted averages of all
of the data points. After Grimsrud et al. (1979).
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SPECIFIC AIR FLOW RATE, m3/{s-m-Pa)
i
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FIG. 6.2.f. Air flow through ducts of different widths:with

length 0.2 m in flow direction. g

sing1e=]'5'
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SPECIFIC AIR FLOW RATE, m% (s-m.Pa)
i
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FIG. 6.2.9. Air flow through ducts of different widths with

length 0.2 m in flow direction. g =3.5.
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SPECIFIC AIR FLOW RATE, m3/(s-m-Pa)
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FIG. 6.2.h Air flow through ducts of different widths with

length0.2 m in flow direction. Ig 0, i.e.

sing1e=
pure Poiseuille flow.
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The figures show distinctly the influence of singie resistances such as

single 0
it is obvious that the leakage function has a constant value until the

entrance, bend and exit losses. From figure 6.2.h in which =g

flow turns over from laminar flow at Re > 2300. This will not happen at
all at low pressures provided the ducts are not too large (< 10 mm). Per-
haps this pure Poiseuille flow case is in people”s mind when "linear re-
lationships are expected". However, real ducts/cracks in fact have en-
trances and exits and the flow direction may be changed too. Thus the

assumption of g = 0 cannot hold in practice.

single

. in-
single !

fluence the shape of the leakage function curves. Introducing single re-

The figures 6.2.f and 6.2.9 show how different magnitudes of zg

sistances implies that:

o the value of the leakage function for a specific crack width decreases

0 the leakage function can become non-Tinear and non-constant even though
Re < 2300

o the maximum value of the Teakage function occurs at Ap = 0 and equals

the value corresponding to the case when g = 0.

single

General remarks

The analysis above show that there is a relationship between leak dimen-
sions and degree of discrepancy from linear flow characteristic. Hitherto
this has not been taken into account as far as pressurization test practice
is concerned. Instead of concentrating the effort on giving a leakage rate
value at 50 Pa only, it would be worthwhile to investigate the shape of
the Teakage characteristic too. If considerable deviations from linearity
is observed when the pressurization test is performed, a short time spent
on looking around in the house in order to detect some few leak paths with
large dimensions could in many cases probably be very profitable.
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7 APPENDICES
7.1 SURFACE ROUGHNESS OF SOME BUILDING MATERIALS
Material Surface Reference
roughness
x 109, m
Metals

"Smooth" metal (steel, brass, copper etc) <0.01

Slightly corroded
Corroded

Extremely corroded

Concrete etc.

Poured on boarding (tongued and grooved)

Poured on plywood
Poured on plywood
Poured on steel plate
Screeded surface

Steel trowelled surface

Cement rendering

Masonry

Brick masonry, well jointed

Wood
Planed timber

Sawn timber
Boarding

Glass

0.4
0.15 - 1
0.4

<3

w O - O —

. . . . .

N 1w N o
|

O W o o o

1
O ~N O -, N NN
. o . . .

0.15
0.5 - 1.5
0.5

O O O o o o
....\'-.
1
nNo
(2]

0.0010-0.0015

Bretting (1960)
Idelchik (1960)
Idelchik (1960)
Dubbel (1970)
Dubbel (1970)

This work, part 3.1

Bretting (1960)
This work, part

This work, part 3

This work, part
Bretting (1960)
Bretting (1960)
Idelchik (1960)
Eck (1978)

Bretting (1960)
Idelchik (1960)

Bretting (1960)

Bretting (1960)
Bigrng (1972)
Bretting (1960)
Bretting (9160)
Eck (1978)
Rouse (1950)

Idelchik (1960)



172

Material Surface Reference
roughness
x 10°, m
Different boards
Porous wood fibre board 0.25- 0.38 Lentz & Nakano (1971)
Asphalt impregnated wood fibre board 1.8 - 3.4 This work, part 3.1
Chip board 0.2 - 0.6 This work, part 3.1
P1ywood 0.05- 0.08 Lentz & Nakano (1971)
0.03- 0.12 Idelchik (1960)
Glass fibre board 2.8 - 4.5 This work, part 3.1
Asbestos-cement board 0.05- 0.60 Idelchik (1960)
0.1 Dubbel (1970)
0.1 Eck (1978)
Gypsum board 0.2 - 0.7 This work, part 3.1
Cork board 2.5 - 3.8 Lentz & Nakano (1971)
Plastic board (foamed) 0.5 - 0.9 Lentz & Nakano (1971)
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7.2 PERMEABILITY DATA

7.2.1 Fluid permeability coefficients of some building materials

Material Densgty B Reference
kg/m 9

Brick, concrete etc.

Brick 1470 0.1-1.0-10712 5
1720 68-1071° 1
1840 18.1071° 1
Lightweight concrete 500 0.3-1.5.1071° 5
460 1.8-10712 1
510 0.41.10712 1

Concrete, 300 kg cement/m3, 15
W/C = 0.6, slump 50 mm 2100 4.4-10 1
Lime-sandstone 2120 28-1071° 1
Mortar L:S = 100/880 1860 35.1071° 1
L:C:S = 50/50/610 1990 7.3-1071° 1
L:C:S = 20/80/440 1930 9.7.1071° 1
L:C:S = 35/65/520 2000 4.4.1071° 1
C:S = 100/330 2060 2.6-1071° r
Lightweight aggregate concrete 600 6.0-10_9 6

Wood and wood products

Balsa 125 0.27-1071° 1
Abachi 370 0.58-1071° 1
Spruce L fibres 410 0.22-1071° 1
Il fibres 450 97.10~1° 1
Pine 530 0.12-1071° 1
Teak 600 0.49-1071° 1
Doussie 660 0.22-1071° 1
Chipboard 560 0.44.10712 1
- 0.64.1071° 3, 4
Wood fibre board plates
Hard 870 3.4-1071° 1
960 5.1-1071° 1
- 1.5.1071° 3, 4
Semi-hard 610 0.16-10712 1
80.1071° 3, 4
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Material Dens%ty B Reference
kg/m m
Porous 215 6.7-107 1% 1
260 3.7.1071% 2, 5
Asphalt impregnated 280 3.2.10712 1
4.7-107"2 2
2.1-10712 3, 4
P1ywood 7.9.1071° 3
31.1071° 4
Heat insulation material
g}gggaliggg]wool see figure 7.2.1.a - d
Polystyrene cellular plastic 17.2 2.9-10-15 1
15-20 1.0-10.0-107° 5
Polyester foam 5.2 1910712 1
Urea formaldehyde foam 14.3 11-10'12 1
Polyether foam 26.6 0.46-107° 1
Granulates:
Polystyrene pellets, ¢ 2-8 mm 13.1 17.1072
Haydite, ¢ 8-16 mm 801077
Granulated mineral wool 35 7.5-1072
Different boards
Glass fibre board 150 0.13-107° 2
150 0.16-107 3, 4
Mineral wool board 175 2.1.10712 1
400 34-10712 1
Asbestos cement board 775 0.87-1071° 1
Cellulose cement board 1600 2.7-1071° 1
Linoleum 1235 1.2-1071 1
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DENSITY
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A
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b. PERMEABILITY

FIG. 7.2.1.a - 7.2.1.b. Experimental permeability coefficient values.
After Bankvall (1972).
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DENSITY
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FIG. 7.2.1.c - 7.2.1.d. Experimental permeability coefficient values.
After Bankvall (1972).
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7.2.2 Fluid permeance coefficients

In some cases, e.g. thin or built up specimens it may be more convenient
to speak of a permeability quantity describing the material Tlayer. This
can be done using the quantity fluid permeance. The fluid permeance co-
efficient, B, is defined:

B =Y = By - 1 (7.2.2.a)
A Ap
Material Thickness Weiggt B Reference
mm kg/m m
Gypsum board 13 2.9.10712 3
9 2.9-1071% 3, 4
9.8 7.2 0.25.10712 1
Cellulose building paper 0.35 0.3 51-10—12 1
0.50 0.3 1.0-10712 1
0.2 0.28-107° 5
Rag building felt 1.00 0.5 0.31'10—9 1
" asphalt impregnated 0.65 0.6 2.0.10712 1
0.75.10712 5
Asphalt 1mpregnated ce]]g— 9
lose paper (wind protection) 0.2 13.0-10 7
Polyethylene foil 0.10 0.15-107 12 7

REFERENCES USED IN 7.2.1 AND 7.2.2.

Tveit (1966)

Bankvall (1977)

Swedish plywood ass. (1978), unpublished
Nystrom et al. (1977)

Nevander & Samuelson (1978)

Folders etc.

Mainly for internal use, not published
Bankvall (1980)

O ~N O AW N -
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7.3 POROSITY OF SOME BUILDING MATERIALS

Material Dens%ty Porosity
kg/m %
Brick 1400 47
1600 40
1800 32
Mortar, Lime 1850 30
Mortar, Lime-Cement 2000 25
Mortar, Cement 2100 20
Lime sandstone 1700 37
2000 26
Lightweight concrete 400 85
500 80
650 75

Concrete 2250 15 - 18
Wood; pine, spruce 500 70

oak, beech 700 - 900 55 - 45

Polystyrene cellular plastic 20 98
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7.4 SOME PROPERTIES OF AIR
Density, p

The table below gives the density ofmoistair,p(kg/m3), at different
temperatures and relative humidities, ¢.

0

o, % 20 % -10% 0 °c 10 °c 20 °c 30 °c

0 1.395 1.342 1.293 1.247 1.203 1.163
10 1.395 1.342 1.293 1.246 1.202 1.161
20 1.395 1.342 1.292 1.246 1.201 1.159
30 1.395 1.342 1.292 1.245 1.200 1.157
40 1.395 1.341 1.292 1.245 1.199 1.156
50 1.395 1.341 1.291 1.244 1.198 1.154
60 1.395 1.341 1.291 1.244 1.197 1.152
70 1.395 1.341 1.291 1.243 1.196 1.150
80 1.395 1.341 1.290 1.242 1.195 1.148
90 1.395 1.341 1.290 1.242 1.194 1.146
100 1.394 1.341 1.290 1.241 1.193 1.145

Viscosity, n and v

The dynamic viscosity, n, (Ns/mz), at different temperatures is shown in
the table below.

Temperature ¢ n
-10 16.5 - 107° Kinematic viscosity, v, (me/s):
0 17.0 - 107° v = n/p
10 17.5 - 1070
20 18.0 - 1070
30 18.5 - 1070

Compressibility, k

¢ 1

T

(Pa™")

Fal
It
°

v patm

where cp/cV = 1.40 for air
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INPUT FORMAT FOR COMPUTER PROGRAM JK-CIRCUS

IDENTIFICATION 1 2 4 5 6 7 8
NUMBER OF
NODES
COMPONENTS :
ACTIVE COMPONENTS:
ACTIVE COMPONENTS :
FROM 10 PRESSURE V //
NODE NO. |NoDE No. DIFFERENCE A
+—BA2 PASSIVE COMPONENTS :
FROM T0 MATERIAL PERMEABILITY| LENGTH HEIGHT BREADTH
/ NODE NO. |NODE NO. 1 By Ax Ay Az
Ay FROM To puCT LENGTH WIDTH BREADTH  |ROUGHNESS
/" NODE NO. |NODE NO. 2 Ax Ay Az €
FROM T0 SINGLE RES. |LOSS FACTOR | WIDTH BREADTH |/
FLow NODE NO. |NODE NO. 3 E Ay Az ///
FROM To KNOWN ADMITTANCE /
NODE NO. |NODE NO. 4 A '
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