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flow and the balanclng of airflow circuits were of funda-
m,q¡.!al importance.

This enquiry revealed that measurements were madc
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The need for a simple and reliable method for thc
:rneasurement of the rate- of ai¡fl.ow and the need for a

-=1ççhnique which cor¡ld simplify the process of balancing
: of airflow circuits were clearly indicated for the ventilat-
: ing industry as a whole--lt wat to meet the fust of these needs that the averaging

r- Hence the flowmeter and calibrated dampers were ex-

- clusively installed. in the experimental ward unit. Further
. field tests were carried out at the experimental ward unit'

The results conflrmed those established in the laboratory'

PART 1. THE AVERAGING PRESSURE
TUBES FLOWMETER '

1. A survey of methods for the measurement of
the ratebf a¡dow in ventilating systems

This section describes the results of a survey made on the

practicability pf the
measuring the rate of
survey has been condu
the pressure loss and
of duct of the methods.

The various methods can be divided into the following
three groups.

l.l Pressure dìfference caused by a constriction
A constriction in a duct is frequently used as a'device for
measuring the rate of airfl'ow. The constriction causes

a pressure variation which can be directly related to the

ratì of airflow. The most commonly used devices of this

kind are the venturi'meter, nozdes and oriflces. (l)' (2)' (l)

The relationship between the rate of airflorv and the
pres cted theoreticallY bY assum-

îng the Bernoulli PrinciPle and

thè eouslY. Ilowever in a real

fluid bec¿use of frictional resistance and the energy losses

occurri-ng across the constriction and the mechanical im-
perfection of the constriction, the theoretical prediction
h"s to be corrected by an experimental coellìcient to bring
it into conformity with realitY.

These devices can give a high degree of accuracy (about
I /6 under favourable conditions) with an inclined type of
manometer when coostructed and installed properly. How-
ever, they have very limited use for field work, as they

impose a high resistance pressure loss on the air circuit.
Thiy also require a loug straight length of duct before
the measuring point and are expensive.

Similar to this group of device is the elbow meter (4)

which utilizes the pressure difference of the fluid on the

inside and outside curves of an elbow. The advantage of
this meter is that there has been no additional resistance
to flow due to the elbow being cooverted into a meter.
However, here again a long straight length of duct is

required (about 25 duct diameters in length before the
meier and l0 duct diameters after it) to give an accuracy
in the region of t l0% without actual calibration in situ.

1.2 Velociry pressure
The velocity pressure of a moving air stream can be
obtaincd by measuring the difierence of the total pressure

and the static pressure caused by the ai¡ strea.m. The
total pressure can bY meaos of
an open-ended tub and the static
pressure can be m sPaced on the
ci¡cumference of the tube at some distance from the open'
end, or by tube(s) flush to the inter¡al surface of the duct
The velocity pressure can be converted into velocity in
accordance with a power law. The rate of airflow is
then the product of the mean air velocity in the duct ano
the area of the duct.

Instruments of this kind impose virtually no resistance
on the airflow circuil llowever, the velocity pressure of
the air stream is usually small, hencæ a sensitive manometer
is required to give a good accuracy.

The following describes some of the most coÃlmon
devices of this kind.

The pítot-statíc tube: This consists of an open'ended
tube for the measu¡ement of total pressure and a nurnber
of holes equally spaced around the ci¡cumference of the
tube at a distance away from the open-end for the
measurement of static pressure. Standards for the con-
struction of several types of tube have been specified in the
British Standard Code (o. The correction factor to be
applied to one of these, the National Physical Laboratory
Hemispherical Head Pitot-static Tube, is unity over a
large range of Reynolds number (from 330 to 360 000) (7)-

tf the tube is used with a micromanometer' an accuracy of
one per cent can be obtained down to an air velocity of
l0 feet per second.

ln the measuremeot of the rate of airflow by the pitot-
static tube, a traverse has to be made with the tube taking
measurements of the velocity pressure along a diameter
of the duct at predetermined intervals. The rate of air-
flolv is then the integration of the product of the velocity
and the area through which the velocity cxists. This
integration can be done numerically or graphically'

This method is very reliable. In fact it has been r¡sed as

a standard for the calibration of other methods in the
nreasurement of the rate of ai¡flow However, it is
laborious in its application as at least 16 point measr¡re-
ments have to be made at the predetermined location
across the duct (8) and the measured velocity pressures
have to be converted into velocities individually. The
arithmetic mean of the velocities is then multiplied by the
crr.rss-sectional area of the duct to give the rate of airflow.

ln order to simplify the process of traversing, a cenlral
pitot-static tube nethod has been proposed. In this method
only one rea<Jing of the velocity pressure from a pitot-
static tube located at tbe axis of the duct is required in
ortler to calculate the rate of airflow. This method is
based on the fact that in a fully developed tu¡bulent flow
lvith a certain Reynolds number in a duct with a certain
roughness factor, there is a fixed ratio between tho mean
velocity of the flow and the velocity at the axis of thc
duçt (e)' (10). In order to- establish a fully developcd
turbulent flol, a straight length of äuct in t'he regioo of
90 equivalent tliameten of thc duct is required uPst¡eåE
from the measuring poinl This requirement normally
excludes the rrse of this method for field measurements.
Two other methods have been devised to simplify thc
process of converting the velocity pressrues into velocitict
individually; one of them is called a Multí-tube Dífferen-
tia! Pressure lvlanonteler (rt). This device cooverts the
poiût meåsurements of velocify pressure in a traversc into
the mean of velocities by cuwed small bore cylindrical
tubes. This is again a delicate instrument aod is not easily
portable. Jhe other is called ¿ Three-Quarter Radius
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in ûeld. The metbods in the fust group arc impracticablo
;-th" g¡ound of high cosÇ high Prlssge loss and the

i"q"ir.t"!"t "f long 
'Íengths of straighr duct beforc and

;èath" measuring poinr The methods in thc second

;;;p; ãitner t.u-o.ious in thei¡ application or requiring
iioíg f."gttt of straight duct before the measuring poinr
fn" ä"tnã¿s in thè thi¡d group have inherent un-

certainties about their perforrnance'

2. The averaging pressure tubes flowmeter
In the previous section, it has been shown tbat the avail-
able mËthods "r" 

uosuit ble for the measurements of the

rate of ai¡flow in ventilating systerns. Therdore there is
a need for a better method 

-foi 
freld measurcments' This

ã"ttto¿ has to be simple and robust in its construction'
i.ã"i* short lengths of straight length of Cuct before and

áitàr tn" m""toting point, impose a low resistance to thc
airflow circuit and have a consistent performance*-ii t". to meet these requirements that the ide¿ of the

Averaging
principle o
integration
is an integration of the Pr
area throùgh which the velocity exists. This is given by

stream cao be measured directlY
step of converting velocitY Pres-
re are two basic direct measurlng

+15%--Frorn the survey described above, it can be seen that

ttte avaitaUte methôds are unsuitable for the measurement
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VdA

where Q - rate o[ airflow,
V - PonlvelocitY,
A - cross sectional area of duct.

The vetocity can be measured by the pressure difference

between the iotal pressure and the static pressure' This

relationship takes the form,

Pr -- Pr - Ps : IpVz
where Pr - velocitY Pressure'

Pr - total Pressure,
Ps - static Pressure,
z - mass densitY of the fluid,
p - velocitY.

orV: 2Pr

shown in mathematical form follows:

Q: AV EQ.(l)
where l/ - mean air velocitY,

Q - rate of airflow,
I - cross-sectional area of duct.

and
,t
EVt

v t/tl Vz *Vti i=l
n n

wl'rcre Vt-velocities measured at small dissrete distance
intervals across the duct,

n - number o[ velocity measurements'

This is a laborious process in evaluating the ratc of air-
flow because for each value of the rate of ai¡flow a large
number of point measurements of velocity have to bc

made and a lengthy arithmetical operation is involved to

12!)



produce the mean velocity. This process can be simpliû:d
if it is 

^ssumed 
that the mean velocity of airflow in a duct

is the square root of the average of the velocity pressures
instead of the average of the individual square ¡oots of the
velocity pressure. In other words, Eq.(2) is now written as

n
E Pvi

l:1 EQ.(3)
n

This averaging of velocity pressures can be done by
mechanical means. The Averaging Pressure Tubes Flow-
meter is based on this assumption. The flowmeter'con-
sists of two tubes crossing each other with small holes
drilled equally spaced on the longitudinal side of the
rubes facing the airstream and four static pressure holes
on the circumference of the duct flush with the internal
surface of the duct as shown in Fig. 1. The two cross
tubes measure the average of the total pressures and the
four tubes on the circumference of the duct measure the
static pressure in the duct. The di-fference in these two
pressures gives the average of the velocity pressure.

Ilowever, a number of errors and uncertainties are
introduced with this assumption and this device.
(l) rù/hether the averaging pressure tubes will give a true

average of the individual pressures?
This would seem to depend on the pressure

differences imposed along the face of the tubes, size
of the tubes, size of the drilled holes. One experi-
mental work (r9) on a tube with ten equally spaced
holes and with different static pressures imposed on
each hole has shown that the tube averaged to the
arithmetic mean of the pressure imposed on each
hole. Ilowever, it is still uncertain whether this holds
true for velocity pressures in a real flow.

(2) The difference between the average of the individual
square roots of the velocity pressures and the square
root of the average of the velocity pressures as

measured by the flowmeter.
This would seeml to depend on the pattern of

velocity distribution. The difference can be evaluated
mathematically if the distribution is known. Ifowever,
uncertainties exist about the relationship between the
velocity and the distance from the wall of a duct at
which the velocity is taken. It has been suggested that
this relationship follows a Power l¿v (20) in the follow-
ing form for a symmetrical velocity distribution.

I

swirling created by the bend. In other words, the
flow is not parallel to the axis of the duct but is a
threedimensional flow having three velocity com-
ponents perpendicular to each other. The degree of
influence of swirling on the performance of the flow-
meter would depend on the mean air velocity, the
size of duct, the lengfh of straight duct before aqd
after the flowmetcr and the different configurations
of bends upstream'from the flowmeter.

FOUR SÎAT¡C
PRESSURE TU8€S

lz
': nlv

TUAE HOI-OER

0tRECfrON

aL¡n

Fig. l-Averaging pressure tubes flowmeter.

The instrumental and the human errors.
The accumulated effect of these factors on the

performance of the flowmeter can only be expressed
by an experimental coefEcient (C) lvhich can be
represeoted as

ö
OF ÂIR
FLOW

(3)

l)V : C I1
1ie

and O:rlLvt'

/ Pt'i

/ Py¡ (A\

where V - point velocity at a distance )'from the
wall,

Va - veloci¡y at the axis of duct,
R - radius ol duct,
n - apowerfactor.

Another ¿u¡þqç (21) suggests a Log-linear relation-
ship for a fully developed and symmetrical flow which
takes the following form.

l/=A*Blog(YlD")
where D - diameter of duct,

A&B-constants.
For a turbulent but not fully developed and asym-

metrical flow :rt a short distance from a right angle
bend, the relationship becomes more uncertain. At
this position, the flow is subjected to the efiect of

Q"
Q¡

where 'JPv¡ - 
pressure difference measured by the

flowmeter,
C - experimental coefficient,
Q" - actual rate of airflow,
Qt - indicated rate of airflow'

The following sections present the laboratory and ñeld
work on the assessment of these effects collectively and
individuatly when applicable.

3. Laboratory layout
Fig. 2 shows the general layout of the apparatus in the
laboratory. Figs. 4 and 5 illustrate some of the details of
the layout.

An axial flow fan rvas used to provide the means of
promoting airflow. The rate of air discharge was con-
trolled by an airflow control box.

A 'Betz' manometer of an accuracy of 0.001 in of water
gauge was used to meâsure the pressure differences from
the flowmeter and the venturi meter. Two venturi meters,
one l0 in ancl another 6 in, were used to measure the rate
of uirtìow. These venturi meters rvere calibrated in the
laboratory.

The barometric pressure was measurerJ by a 'Fortios
Principle' barometer with a vernier reading to 0.002 in
of mercury gauge;

orC

!^: (!^)'
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JOINf LENGTH SPECIFIED

CONFIGURATION

IN OIAGRAMS

6in OR loib VENTURI
METER

OF BENOS SPECIFIEO
]N DIAGRAMS

5lt 4in

STRAIGHTENER

AIR FLOW
CONTROL BOX

þin AXIJIL FLOW FAN

DIRECTION OF AIR FLOW

'BETZ'MANoMETER

RUBEER

FORTINS" PRINCIPLE
BAROMETER

SLING THERMOMETER

22S.W.G. M SHEET

SPIGOT FOR

SPIRAL WOUND

OUCT
RUBBER
SEAL

SNAP
FASTENERS

Fi3. 3-A box bcnd.

TRANSITION PIECE
IF REOUIREO

6in OR lOin DlAl¡t
DUCT

Fig. 24eneral laYout of test rig.

900 swEPT' EENO

gOOBOX BENO

VARIABLE STRAIGHT
LENGTH OF DIrcT

VARIABLE STRAIGHT
LENGTH OF DUCT

tRls FOR
FINE VOLUIIE
CONTROL

PRESSURE
FLOW METER

Ð

The wet and dry bulb temperatures were measured by
a sling thermometer 

tor thc test

in easons'

(1 dered in a
the duct.

(2) It is e¿sier for the me rate of air
flow by the flowmeter as there are no corners in the

cross section of a cylindrical duct.
(3) The cost of spiral wound ducting is comparable 1o

that of rectangular ducting. This is a point to be

considered here as it lvilt become a maior façtor
rvhen the florvmeter is to be used in large ventilating
systems.

A special 'Box' bend was made and installed upstream

from the flo'rvmeter as shown in Fig. 2.

Fig. 3 shorvs a sample 'Box' bend' One side of this

box 
*can 

be removed for inspection and cleaning of the

duct. The external dimension of the 'Box' bend is four
inches wider than the diameter of the circular duct open-

ings on it. The openings were placed at the centre of the

faões of the 'Box' bend. The boxes were made of 22swg

THIS PANEL CAN BE
REMOVÊO FOR
INSPECTION OR
CLEANING OF DUCT

4. Preliminary work leading to the construct¡on
of the flowmeter

An e.ramination was carried out oo the factors which may

influence the characteristics of the averaging pressurc

lt-U"ttl, the static pressure tube(s) and the flowmeter in
the mea.surement of the rate of airflorv'

4.1 Characteristics of the averaging pressure tube
4.1.1 Size of tbc tube
ft has been 5þeu¡q(22) that the size of thc hrbe does not

331
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influence the measu¡ement of total pressure of an airflow
so long as the diameter of the tube is not greater than
one-twelfth of the diameter of the duct l{ence a com-
mercially available t6swg copper tube of I of an inch
outside diameter was selected for all sizes oi duc¡ For i
duct of six inches diameter, the tube diamcter is only
one'sixteenth of that of the duct.

three of them.had slots of l/16,
wide respectively and the fourth

diameter holes drilted at I of an
Fig. 6.

Te a lOin
Box nserted
the d of the
duct from
pressure tube was fitted flush to the internal surface of the
duct, on the same circumference as the tube but at an
angular position of 90o from the tube.

mean was recorded as the indicated velocity pressure. The

MARKER

n

TRE LINE 5l in sror

lOin

1U8E I

TUSE 2

TUEE 3

-t,cztn f;in sxr u.l.

1 in lNT. DlA.

oFig. +-A protorype flowmeter.

$ in slor
4.12 The opening(s) ín the tube

f, in slor
o

o
+or ra! in olA.HoLE

arlin sencrruo

TUBE 4
Fig. 6-Averaging pressure tubes,

indicated velocit_v pressures w,ere converted into velocities.
The actual air velocity in the duct was measured by theventuri meter.

This test procedure n'as carried out for each of the four
tubes.

. 
Fig..7 .shorvs a comparison of the indicated air velocities

with their respective actual air velocities for each of thefour tubes.

. From this graph, thc following conclusions can be
drawn.
(a) When both en<Js of añ averagin! tube were connected

to a- common poirrt. it gives a good average of 'the
readings obtained from either enã.

J.t.H.V.E_FEBRUARY I 967
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to a common point over the range of the ai¡ velocities

tested.

Iforvever, the tube with drilled holes offered better

rigidity in its physical construction, hence it was chosen

for the rest of the test.

4.13 Eftect of alignment (or yaw) of the tube

to the axis of the duct.

Fig. 8 shows the effect of inclination of the tube when

ttre 
-in¿icateO 

velocities were compared with the actual

r.io"i,V in the duct' From this graph, it can be seen that

appreciable errors arise when the tube was inclined t
mór" tt an five degrees and the main ai¡ strsam was abor

2" from the axis of the duct.

4.2 Characteristics of static Pressure tube(s)

tzsl that in order to avoid tÌ
, the size of the static Pressure tui
f the diameter of duct. Ilence t;

the averaging Pressure tube w
suitable for the static pressure tube as rvell'

700 900

Air velocity a¡ mea¡ured by Yenturi metcr (ft'/min')

vt - 
lNolcaTEo aR VELOCITY AS MEASUREO BY THE FLoWMETER'

VO _ ACTUAL AIR VELOCITY AS MEASURED 8Y VENÍURI METER'

¡ - RANGE WHEN BOÍH ENOS WER€ CONNECTEO 1O A COMMON POINÎ

o - fiin sLor ruBE,ElrHER ENo.

tr 
- ¡lin sLor ruEE,ElrHER ENo'

A 
- Sin sLoT TUEE,EITHER ENo.

x - TUBE wtrx {in oRlLLEo HoLEs,

Fig. 7-Characteristics of averaging pressure tubc:

otREcfloN oF
AIR FLO\{

MEASU;
sTAflo,

OAMPER

4 EOUIVALENÎ OUCT
OIAMETERS

V.. VELOCITY REAOING WHEN THE AXIS OF HOLES WAS PARALLEL

' ro tnÉ axts oF rHE oucr

V, VELOCITY REAOING WHEN ÍIIE AXIS WAS ¡T ¡Ñ ANGLE FROH OO

Fiz. 8-Effect of Yaw on velocitY
r'"-tdingt ( air velocitY ac 800

ft./ m in. )

5

o

o
RIGH! FROM O' LOOKITIG UPSf REÀM

tlt
LEFÍ FROM O' LOOKING UPSÍREÂM

lt
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Ioble l-Effect of the number and location of a static
readings.

velocity pressu
The 

-arithme h configura-

tion of bends of each of
the individual lculated and

expressed as the percentage of the mean'
iable II shows the maiimum percentage deviation for

each configuration of bends.- 
fio- this table it can be seen that the flowmeter with

two averaging pressure tubes is superior to the flowmeter

with one-aviraging pressure tube in that the angular

Pressure
duct at

tube(s) around the circumference of a ten-inch
four equivalent diameters downstream from a

box bend when the static pressure was about 0.1 of an

inch of water

Ps

EG:MJ

Col. A Col. B

1.000

Col. C

00 900 I 800 2'to"

1.0001.031 0.989 0.978 0.978

A further test was conducted on the arrangement where
were connected to a common
otated around its axis with
90o at four equal intervals'
is n'o difference between the

these rotated Positions.
e above results, the arrangement
tubes at 90o aPart around the
.and connected to common Points

was adopted for the rest of the test.

4.3 Characteristics of the flowmeter with oné and two
averaging Pressure tubes and four static Pressure
tubes

It has been shown in the previous sections that when both
cnds of an averaging pressure tube were connected to a

DIRECTION OF

AIR FLOW

2 AVERAGING PRESSURE
TUBES

4 STATIC PRESSURE-.'
TUBES

BRAZE

AVERAGI NG
PRESSURE
TUBE

ONE AVERAGING PRESSURE TUEE ANO

FOUR STATIC PRESSURE TUEES

(ol

TUEE
HOLOER

TWO AVERAGING PRESSURE TUBES ANO

FOUR STATIC PRESSURE TUBES

(b)

I

16-'n

\/

/\

3t4

Fig. 9-Flowmoterr.
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CONFIGURATION OF EENOS coL.a.

OESCRIPTION' SKETCH coL.8. coL.c,

NO BENO

MEASURING STÀTION -

OIFECTION OF AIR
FLOW

o'oo o'oo

ONE BOX EENO
F

4 8.0.

o.62 o.oo

TVIO BOX BENOS

4 E.D.

1;62 a.32

THREE BOX BENOS
M.S.

F
4E

3.10 o.oo

THREE BOX BENDS
IN THREE
OIMENSIONS

F 4 E.0.

3.10 :o.OO

FOUR 8OX EENOS
IN FOUR

DIMENSIONS
F

4 E.D.

2.30 o.oo

Tobte lt-Effect of the angular Posit¡ons on the two
flowmeters

Col. t¡on o ed a¡ ¡
¡rithm

Col, onê ¡Y Prclt-urc
m.nr Èhê duct
rough to thc

bcnd.
Col. C-Fiáimcter with bno rYcr¿g¡ng prcsurc cuber ¡nd four st¡tic--'' - o.itru.i tuba. Mæurcmcni¡ -wcic trkrn at 12f' íntcnrls whèn

ihc duct wü rotltcd through 90' ¡round its ui¡ with rlrPcct to
thc b.nd.

position of the former with respect to the box bend has
little efrect on the measurement of the rate of airflow. In
other words, the different air velocity distribution patterns
created by different configurations of box bends have very
little effect on the flowmeter with two averaging Pressure
tubes in the measurement of the rate of airflow.

ft was decided to use the flowmeter with two averaging
pressure tubes and four static pressure tubes as shown
in Fig. 9b for the rest of the test.

5. Tests on the flowmeter
The practicability of the flowmeter consisting of two
averaging pressure tubes and four static pressure tubes as

shown in Fig. 9b has been shown in the previous section.
However, its performance can be influenced by a number
of factors and therefore had to be investigated. This
entailed firstly the determination of the straight length

of duct required ulñtream and downstream from the flow-
meter and secondly the assessment of the accumulated
eftect of the following factors on the performance of thc
flowmeter.

(a) The effect of different configurations of box bends

upstream from the flowmeter.
G) The effect of difterent lengths of connecting duct

between bends.
(c) The efiect of different sizes of duct.

In addition, the use of air straighteners in attempt to
smooth out the swirling of air creatd by bends was
examined aqd the effect of configurations of bends with-
out a box bend was also investigated in order to assess the
'baffie' eftect of the box bend. Field tests on the perform-
ance of the flowmeter were also carried out at the
Hairmyres Experimental Ward Unit-

5.1 Test procedure and scope of the test
For each run of test-suctr as a test on one configuration

of bends-about 2l pairs (or sets) of readings of the rate
of airflow were taken. Each pair of readings consisted of
one from the venturi meter and one from the flowmeter
at the same rate of airflow. The rate of airflow was
increased and then decreased in steps within the range
from 600 to 1400 ftlmin air velocities.

Wet and dry bulb temPeratures and barometric pressure
rvere taken before and after each run. The mean of each
pair of readings was used for the calculation of the density
of air for that run.

In order to take account oÍ human errors' two observers
were employed in taking all the readings, each took one

half of the readings.
Table III shows the scope of the test- There were 32

runs consisting of 564 sets of reaclings excluding those in
the pilot runs and those of subordinate interests to the
test.

5.2 Trearment of data
From a number of pilot runs in the laboratory on
difterent configurations of bends, it had been shown that
a linear relationship existed between the indicated rate
of airflorv as measured by the florvmeter and the actual
rates of airflow as measured by the venturi meter over the

calculated from indicated rates of airflow. From these
rates the experimental coefficient was calculated.

The Confidence intervals applicable to the estimates of
the actual rate of airflow for the various indicated ¡¿ts5 (2Ð

were also calculated. This gave the degree of error in-
volved in the èstimates \'hich was used as a means of
assessing the effect of the different factors.

The influence of different densities of air during thc
tcsts on the measurement of the rate of airflow was

eliminated by correcting the readings to a standard condi-
tion (0.075 lb/ftr). This rendered the test results universally
applicable. The KDF9 computer at the university was used

for these analyses.
In orcler to simplify the calculations' a conversion table,

for air with a density of 0.075 lb/ftr was established and
is shown in Appendix L From this table, the rate of
airflow io 1¡r/min can be read by entering the velocity
pressure and the size of duct.
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l0in

Trvo 80x EENDS

36¡n JOINT, lÑ

TWO OIMENSION
5b rn
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4

il
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4

ll

lo ¡n

TWO 80X EENOS
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JOtNf, lN Two
DIMENSION

l2i^

r+4 E.0.-

t4

lO in

TWO BOX SENOS
REVERSED,36in
JOTNT,IN fwo
OIMENSION

55in
M.S.

r-- 4 E.0.-t

t?

Toble lll-Scope of test.
V = Vcnturi mercr.

1.1.5.= Mêlsur¡n8 Stat¡on,
E-D, = Eqqiv¡lent duct d¡¡mctcr.
+ = Oir"ctlon of ¡irñry.

8 = F¡n.
= Box bcnd-

: = 90' swcpt bcnd

5.3 Tests
53.f Detennination of the length of stra¡ght duct

required before a¡d after the measuring station

In actual installations for ventilating buildings, it is
impracticable to have long straight lengths of ducts due to
space limitations and cost considerations. It was there-
fore desirable to select the shortest straight lengths of rJuct
before and after the measuring station which provided a
stable characteristic for the flowmeter.

Tests were conducted on a ten-inch diameter duct
system and one box bend as shown in Fig. 2. Readings
were taken with the flowmeter at difterent equivalent
diameters of straight length of duct downstream from the
box bend over the range of 600 to I 400 ftlmin air
velocities. Fig. I I shows the results which reveal that the
experimental coefÍcients stabilize at three, four and five
equivalent diameters downstream from the box bend where
the confidence intervals are about 3 to 4%.

Further tests with a half closed iris damper at one, two

and three equivalent diameters downsteam from the
measuring station showed that the existence of the damper
had no influence on the performance of the flowmeter.

On the evidence of the results. a straight length of duct
of four equivalent diameters long between the box bend
and the flowmeter and two equivalent diameters after the
flowmeter were selected for the rest of the test.

53.2 Teds oú air straighten€rs
The major cause of the error in the measurement of the
actual rate of airflow by the flowmeter is the swirling of
air created by the box bend. It has been shown (1t) that
air straighteners can reduce the swirling.

Tests were conducted on three types of air straighteners
as shown in Fig. 12 in order to assess their eftects on the
characteristic of the flowmeter. The air straighteners 'w'ere
placed at the outlet of a box bend in a l0in duct system.

The results showed that the use of air straighteners
does not improve the accuracy of the flowrrìeter. Hence no
further'tests on air straighteners were conducted.
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þio

lWO SOX 8Et0S
REVEFSED, ¿16ln

JOTNI, lN TWO
otMENSlOi{ 48ln

ìtS,

t-4 E.D.

t?

lOln

T$rO BOX BENOS
IN THREE
DIMENSION
6in JOINT

6în

4E
3 E.O

5 E.0.

't3

l0 in

THREE 8OX
BENOS IN TWO
0IMENSION, l2in
JOINT 12 ín

4 E.0.

l3

lOin

THREE BOX
BENOS IN
THREE OIMEN.
SION, 6in ANo
l2 in JOINTS

l2 in

M.S

4 E.0.

l4

loin
oNE 900
SWEPT EENO 4 E_0.

M. S.

t4

lo in

TWO 900
SWEPT BENOS
IN lWO DIMEN
S|ON,r2¡nJO|NT

M.S. lr'"
f-- 4 e.o

t5

lO in

TWO 900
SWEPT BENOS

IN THREE
0TMENStON,
6 in JOINT

6in

M.S.
4

t4

OUCT
sr zE

CONFIGURATION
OF EENOS ARRANGEMENT

¡¡o.oF
SETS

lO¡n

THREE 90O
SWEPT SENDS
tN TIYO 0r-
MENSION,l2in
JOINTS

l2 in

v

4E M3

l¿t

lO in

THREE 9OO
SWEPT BENOS

IN THREE DI-
MENSION, Sín
AND 12 in
.rolNTs

v n

4 E.D. M.s.

t3

6in

ONE BOX EEND

4 E.D.

M.S.

20

8in

ONE BOX BENO

4 E.0.

M.S.

z4

l2 in

ONE 8OX BEND

4 E.D,
M.S.

l4 in

ONE BOX BEND

48.D.
M.S.

40

lo in

ONE 8OX BENÞ
HONEYCOMB.
AIR STRAIGHÏ-
ENER,

HONEYCOMS 

-
M.S,

4 E.0. zo

lO in

ONE 8OX EENO
PERFORATEO
PLATE AIR

STFA¡GHTENER

PERFORATEO
PLATE

M.S.
4 E.0. t9

lOin

ONE 8OX EEND
GAUZE AIR
STRAIGHTENER GAU 4 E.0,
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Toble lll, cont¡nued

5J.3 TeS on different lengths of con¡rccting ducts
befween and d¡frerent configurations of b€rid6

Tests were conducted on the efTects of difterent lengths of
connecting duct between bends and different configura-
tions of bends on the performance of the flowmeter in a

lOin diameter duct system as shown in Fig. 2. In each
case, the last bend was a box bend and the preceding ones
were 9Oo swept bends of a mean radius equal to the
diameter of the duct. The flowmeter was located at four
equivalent diameters downstream from the box bend.

The resulLs obtained led to the conclusion that the
different length of connecting ducts bet*een hends and the
configuration of bends in a l0 in duct system rvith a box
bend before the flowmeter had no signifìcant etlect on the
p:rformance of the flowmeter and that the confidence
intervats of the estimate of the actual rate of airflow were
in all cases less than +656% for air velocities from 600
to 140O fVmin.

I.I.H.V.E_FEBRUARY I967

5J.4 Tests on different sizes of duct
Tests were Eonducted on 6, 8, 10. 12 and 14 in diameter
ducts with a box bend. The floç'meter was located at four
equivalent diameters downstream from the box bend as

shown in Fig. 2.

It was concluded from the results that the difierent
sizes of duct had no signlficant efrect on the performance
of the flowmeter.

However, whether there was a signiñcant difference
between the effects of thetifferent configuratione of bends
and the different sizes of duct on the performance of the
flowmeter had to be investigated. Since these eftects
appeared to be of a random nature. a statistical test of the
tlifference of the means wa.s carried out to compa¡e the
numerical results of the tests on different configuration of
bends with'the results of the tÈsts on different sizes of
duct. From this test it was concluded that the test results
of ìhe combination of all the configuratioos of bends i¡
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ACTUAL RATE OFAIR FLOW AS MEASURED BY THE
VENTURI METER IN fI3ZM|N

a l0 in diameter duct system, as shown in the precd-
ing section, could be applied universally to ihe different
sizes of duct.

Further tests on the different configurations of bends
rvith different sizes of duct gave a similar confidence level
for the point estimates of the actual rate of airflow. These
demonstrated that the conclusions drawn from the results
on the lOin diameter duct lvere equally applicable to
other sizes of duct.

sJ-5 Teds rn different configuratioru of 90' s'wept bends
It has been stated previously that one of the reasons of

t'20

o.90
2

Fig. l0-Linear regression llne
and the confìdence ìnterval of

the results from a tesÈ
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STR,AIGHT LENGTH OF DUCT BETWEEN THE BOX EENO
ANO THE LOCAIION OF THE FLOWMETER IN EOUIVALENT
OI.,,CT OIAMETERS

æ

using a box bend was because it would act as a 'batfle' to
randomize the different degrees of swirling created by
various irregularities, such as bends. before the flowmeter.
In order to assess this 'bafl1e' effect, tests were conducted
on different configurations of 90' swept bends in a l0 in
diameter duct system as shown in Fig. 2 but without box
bends. The mean radius of the 90' swept bend wâs equal
to the diameter of the duct.

These tests led to the conclusion the box bend tended to
randomize swirling created by any preceding bends, hence
the different configurations of bends had little influence
on the performance of the flowmeter. In the 90' swept

lOin DUCTr BOX BENO

OIRECTION OF
AIF FLOW LOCATIONS OF THE

FLOWMETER AT DIFFERENT
EOUIVALENT OUCT DIAMETERS
rñou rne Box BENo

Fig. ll-Effect of the streight lêngth
of duct between box bend and the
location of thc flowmeter on the pcr-

formance of the flowmeter.

Numcric¡l fi¡ura drnora ¡hc conñdcncr
intrry¡l¡ fo¡ t5% confid!nca.

FITTEO LINE
y'l.ol16 æ- 2.6

INTERVAL ESTIMATES
AT 95%CONFIO€NCE
LIMITS

. !5.t9

.!3.71

!2'45
.!4.2?

. t4.50 . !3.t3
. ! 3.81!4'29

t4.O8
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aullin

toaxr.rin olA.
HOLES

PER in2

30 WIRES OF
3I S.WG. PER
,n2MESH

l+'

HONEYCOMB

PERFORATED PLATE

GAUZE

bend system, the swirling was perpetuated and this caused
the flowmeter to be less accurate.

53.6 Application of the test res¡lts

results for the ñeld trials.

_ Fig. 13 has been prepared in order to simplify use of the
flowmeter. The indicated air velocity as màasûred by the .
flowmeter can bc entered on the V co-ordinate on the

,'I.H.V'E-FEBRUA RY I 967

Q" : CQt :t percentage error
where C - the estimate of the experimental coefficient

" ocity.
Q" - the ¡ate of air flow,
O¡ - the ow.

The choice of the confidence limits will depend on the
degree of accuracy desired. For measurements in the
field, 95% confidence limits rvould seem to be a reasonable
choice.

In the application of the test results as shown above
lwo_corrections may be found to be necessary, for changesin the density of the air and for the a"óuracy of ltre
manometer rsed.

As indicated previously, all the test results were

O.(Ðl in of rvater gauge.

2in

t¡n

3ts.w.G.

Fig. ì2-A¡r straighteners.

g2 ; 6tj

r Similar tables.appear.in the -196j edition of the G¡id¿ whichnâs been publishad sincc thi¡ paper was writtc¡-
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where eñ - modified p€rcentage error of the estimate,
I - percentage erTor of the estirnate based on

the test results (Figure l3).
t¡ - percentage error due to the manometer

used, which is the difference between the
percentage error of the manometer used
and that of a manometer of an accuracy of
0.0O1 inch of water gauge.

Fora naccuracyof
0.002 in manometer ofan accu he percentage
error o of airñow at

Hr 0.990

600 fpm indicated velocity at 95% confidence limits would
be

En 5'482 + Q35-1.20)2

: i 5'ó3
instead of + 5.48.
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Toble lV.-Results of fìeld checklng on the flowmeter

lvz Eq. (4)ht:.f
d2s

PART 2. THE BALANCING OF AIR
þLów C¡ ncu trs 

+ln;"tnt, 
LAr¡ N G

6. Basic principle of balancing of air circuits

follows.--it" 
pressure loss (or the static pressure difterence)

through'a straight length of duct in a turbulent flow can

be expressed as

Fio lê-Field installation of two flowmeters at t
ExPerimental Ward Unit'

he HairmYres

600 at an ambieût tempera-

ture Pressure of 29'92 in of

mer é z'gl " tw' Hence for
low e friction factor can be

treated as a constant.

where

hn - Pressure loss in length /,

/ - 
length of the duct,

r/ - 
diameter ol the duct'

v - 
air velocity,

g 
- 

gravitational acceleration,

f - 
friction lactor.

The friction factor varies with the Reynolds number and

the roughness factor. However, at Reynolds numbers

above a-certain critical level, the friction factors of rough
ducts become constant, <lepenclent rvholly on the roughness

of the duct and thus inrJependent of the Re1'nolds number'
This r:ritical Reynolds number ('rsxró) i's about l0'¡'

For a 6 in diameter duct and a mean air velocity of

Eq. (a) becomes

Ivzhtt: C -:-
cl ¿g

where C-a constant.

For bends and dampers, the pressure loss can be

expressed in terms of velocity pressure as

t'l¡2=þ(,:) -

where

llr2 - 
pressure loss across bends or dampers'

k -tresistancefactor'
Fig. 17 shows the rela resistance

t""iã. "n¿ 
the rir veloc nd for a

rìiii"rru èlo.c.l iris damp described

i;';ú;';";i:ection)' rhii rrom the

results of a separate test-
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Eq.(5)
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values of
the per-
centage
variation
at 957"
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c€ntâge
error of
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actuâl
rate of
air flow
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the test
¡esults
in the

labora-
tory at

95/"con-
fidence
limits

Gie. 13)

+4"71+4.40

centage
variation
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rate of
air flow
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flow-
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son with

those
measured

by the
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traverses

+2.01
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air

velocity
â!¡

measured
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flow-
met€r
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No.
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82
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OAMPER 2

where

¡¡ULTI -BLAOE SHUTT
SUPPORTING RIBS

Qt_
Qz

Kz

Kr - resistance factor associated with Branch I'
Kz - resistance factor associated with Branch II'
Q1 - rate of ai¡ flow through Branch I'
Qz - rate of ai¡ flow th¡ough Branch II'

Fig. l7-pressure losses ".,1ît 0", l"oXrot"o 
and a partiallv closed

From this graph it can be seen that the resistance factor

f.;b;ìil'ìÀ;ioi u.nJ und the iris damper remains sub-

stantially constant over the range of air velocities from

600

3

or

VELOCITY PRESSURED

60O to '1 200 fPm.
(s)

ft=

From Eqs
pressure loss
box bend,
expressed as

and (6) it can be seên that the total
iüiouìít an airflow circuit consisting of
¿"Ãp.i and connecting duct can be

7. Galibration of damPers
7.1 General consialeration
i.".t ,tt" g.neral procedure for the balancing of an air-

nåî'"itl"iil",lined in the previous t1tigf it follows that

iì;.;iã;i-plify the p'o"tåot" considerably if the volume

control damper on each branch duct had been calibrated

;'ì;;; it"-i"rution.hip between damper opening and the

rate of airflow rvas known'

(hr)
iris

hr : K(v)
rvhere

¡, : l¡¿1 | htz

lvz / t'z
:C-ikl.-" d2s \2c

s

CI+dKK: us 
: aconstant.

Since O : Y'{

rvhere
Q - 

rate ol airflow'
z4 - 

cross-section area o[ the duct'

Eq. (7) can be exPressed as

ht. : K (Q)z

Take as an example an airflow circuit of two branches

^r;;;; 
in rig. rg' The argument can be extended to

;i.ii;;;il;its i'ittr multiple branches if required'

BOX B€Næ.
A

OAMPER SETTING
KNOB

Fig. l9-lris damPer.

Ky*Kt

ô
Ql

Fig. l8-A two branch "tt ttttutlrn"..

a1"'ttf"'J":'i

The pressure loss (./r¡,r) through Branch.l (')^B) is equal to

,h;';;å;;; loss (/rr.:)'ttttuugtt Branch tf ('\C)' ln other

words,

hu: ho
or K¡(Q1)2 : Kz\Qz)?

''T.H.V,E-FEBRUARY 
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This in<Jicates that the change of the ratio of the rates of

"iïä"* itrrougtr these twJ branches by 
. 
adjusting the

il;ft t;ù;;; woultl depend on the resistance factors

of the braoches as well ås the resistance factor of the

damper rvhcn PartiallY closed'
"'rr"t"i,.'ui"';^iiüã-ió" would relate the movement of the

d;; to the ratio of the rate of airflow at each intcr'

ääìä'õ.ti-mt t" the rate of airflow at the tully open

v3

O The rate of total airflow
oi airñow through branch I

J.iiR"tn through branch ll

MMPER 1

Q2
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ROOM



position. This calibration would provide a mcans by
which the degree of damper opening could be set in
accordance with the required adjustments of the rates of
airflow.

Iris dampers as showu in Fig. 19 were used.
Iris dampers operate in a similar manner to the variablc

aperture in a camera. The degree of opening can be
regulated by moving the damper setting knob along a
scale. The scale was marked in ten divisions between the
'close' position to thc 'open' position on a logarithmic
scale,

From the theory of orifices (which the iris damper
resembles) in an imcompressible flow, the flow equation
between the duct and the constriction is (3Ð

72 Laboratory layout
ln order to minimize the cffects of the resistancc factors
of different branches of duct as found in the field, it
seemd logical to calibrate not only the dampcr but the
assembly of damper, box bend and the flowmeter as
described in Part I of this paper. Thc flowmeter should
be located at four equivalent diameters downstream from
a box bend and obstructions, such as dampers, should be
located at two equivalent diameters downstream from the
flowmeter. For the calibration of dampers, it was therc-
fore "decided to install the damper Àt two equivalent
diameters downstream from the flowmeter.

In this calibration of dampers, the effects of the factors
b, c, d, e, as listed,in ,the preceding section which in-fluence
the coefficient of discharge of the opening of the damper
were included as constants. Ifortever, the effect of air
velocity in the dr¡ot, the eftec¡t of difierent dampers and the
eftect of different sizes of duct on the c¿libration had to
be investigated.

Fig. 20 shows the laboratory layout for the investigation
of these efiects and for the calibration of dampers.

Instrumentation was similar to that used for the tests
on the flowmeter as described in Part l.
73 lnvestigation of the effect of the different factors
(a) Efrect of aír velocíty

Tests were conducted on a 10 in iris damper. The air
velocity with the damper fully open was measured, using
the venturi meter. The damper was then partially closed
to setting number 5 and the air velocity measured again.
Four pairs of these measurements were taken and the
average used to calculate the ratio of the rates of airflow
for the damper fully open and partially closed. Using the
air volume control box (Fig. 20) the air velocity with the
damper fully open was then altered and the process
repeated to give four ratios of the rates of airflow.

The results showed a slight variation (about 2%)
between the ratios of the rates of airflow at the different
air velocities with the damper fully open. It was con-
cluded that air velocity had very little effect on the cali-
b,ration of dampers over the range of air velocities of
6@ to l2ooft/miri.
(b) Efrect of different dampers
Tests were conducted on four different l0 in diameter
darnpers. The dampers were tested separately at an air
velocity of I 000ft/min as measured by the venturi meter
when the dampers were fully open. The rates of airflow
were measured both when ,the damper was fully open and
when the damper setting knob was set at No. 5 on the

TRANSIfION PIECE
IF OUCT UNOER TEST

OIFFERENT FROM IOIñ

8ÉNO

FLOW-
METER Fí9. 20-Leboretory

the c¡libr¡tion of

CvC"A
A t

l-c"2

where
Q - rate of air flow,
Cy - coefficient of velocity,
C" - coefficient of constriction' : AzlAt
A - a¡ea of orifice,
A2 - area of vena contracta,
A¡ - area, of duct,
S - gravitational acceleration,
/p - pressure difference across orifice,
w - density of air.

If a coefficient of discharge (C), is introduced where

CvC"A

o

A1

, - rrt(+)
C

then Eq. (9) becomes

A:C -¿P¿g 
- lt)

The value of the coefficient of discharge depends on the
following factors:
(a) Air velocity in the duct.
(b) The ratio between the area of the duct and the area

of the damper opening.
(c) The construction of the damper opening.
(d) fne roughness factor of the duct and,
(e) The straight length of duct before and after the

damper opening.
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scale of the damper. For cach damper, four sets of
rcadings werc taken and thc mean of them was used for
the calculation of the ratio betwcen the rates of airflow.

The results indicated that the maximum differencæ
between the ratios associated with difierent dampers is
zbout 2l/" in comparison with the mean of the readings.
This amount of difference might bc due to errors in the
nrallding of the scale, in setting thc knob to the exact
position and the small amount of backlash in the
mechanism which controlled the openings of the dampers.
(c) Efiect of dífierent sízes ol duct
Tests were conducted on 6, 10, 12 and 14 in diameter
dampers in their appropriate sizes of duct. An air velocity
of l00Oft/min in the duct when the damper was fully
open was used. The rates of airflow were measured by the
venturi meter, both when the damper was fully open and
when the damper setting knob was set at No. 5 position
on the scale of the damper. For each size of duct, four
sets of readings were taken and the mean of these was used
for the calculation of the ratio between the rates of airflow.

The results sbowed that the maximum difference between
the ratios associated with difrerent sües of damper is about
3%, in comparison with the mean of the readings. This
might be due to the same causes as quoted in the preceding
sub-section.

From this evidence, it seemed to be fe¿sible to use ooe
calibration curve for the di-fferent sizes of damper within
the range of air velocities of 600 to l400ft/min for field
use, a.s the effect of air velocity, the effect of different
dampers and the effect of different sizes of damper were
small. A further reason for the use of one calibration
curye for the different sizes of damper was the effect of
the difrerent resistance factors of the connecting ducts
indicated previously. In the field, it is impracticable to
have the same resistance factor for all branches of duct,
hence it would suffice to provide a calibration curve
which is only sufficiently accurate to give a first approxi-
mation in the,process of balancing. The final adjustment
would depend on the readings from the flowmeter after
the first adjustment. This is illustrated more clearly from
the results in both the laboratory tests and the field tests
on the balancing in the last two sections.

7.4 Calibration of the dampers
The following was the procedure for the calibration of
dampers.
(a) The damper was set at its fully open position and the

rate of airflow was adjusted by the airflow cont¡ol
box to give an appropriate rate of airflow between
the air velocities of 60O to l4oofr/min. The rate of
airflow as measured by the venturi meter was
recorded. The static pressure at Pt. A (Fig. 20) was
measured and recorded.

(b) The damper setting knob was then moved one division
at a lime on the scale of the damper from its 'open'
position to its 'close' position. For each setting, the
airflow control box was adjusted to bring the static
pressure at Pt. A back to the same pressure as
recorded initially (to avoid interference from the fan
characteristic). The rate of airflow as measured by
the venturi meter was then recorded.

(c) The ratio of the rates of airflow was calculated and
plotted against the number of rhc damper setting.

Fäve dampers of each of the diffcrent sizes (6, 8, lO, 12
and 14 in diameter) werc calibrated within thc range of
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o'4 o.8
o/o,

0.THE RATE OF AtR FLOW WHEN THE DAMPER
WAS FULLY OPEH

Qr" THE RATE OF AIR FLOW WHEN THE DAMPER
S€TT'NG KNOB WAS SET AT THE VARIOUS
POSITIOT{S ON THE SCALE OF DAMPER

Fig.2l-Calibretion curve for iris dampers-

air velocitiq of 600 ro 1400ft/min with the damper fully
open.

Fig. 2l shows the combined calibration curve for all
the 25 sets of tests.

E. Procedure for balancing
l. Measure the rate of total airflow delivered by the

fan.
2. Adjust the main balan to give

approximately the desi +lO%.
3. Measure the rate of ai ch.
4. Calculate the ratio between the design rate of airflow

and w, e.g.

for all branches.

5. Select the lowest ratio.
6. Divide the lowest ratio by the other ratios individ-

ually. (This gives the proportion by which the rate of
airflow must be reduced.)

7. Enter the ratios calculated in 6 indir¡idually into thc
calibration curve as shown in Fig. 21. Read from the
curve the damper knob setting required.

8. Adjust the damper knob settings in accordance with
the figure given in 7.

9. Measure the rate of airflow through each branch, and
calculaùe thc ratio of actual to design rates of ai¡-
flow as in 3 and 4.
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10. Divide tho ratio, calculated in 9, of the branch selected
in 5 by each of the other branch ratios, calculated in
9, in turn.

ll. Multiply the new ratios from 10 by the respective
figures of the damper k-uob settings obtained in 8-

12 Adjust the damper knob settings in accordancæ with
the ûgures given in ll.

13. Check the rate of airflow after the second adjustment
as from 3 and 4. If the ratios for all branches do
not differ by more than the percentage error of the
Flowmeter, proceed to 14. If not, repeat l0 to 13
and repeat if necessary.

14. Adjust the main balancing damper or the fan to the
design rate of airflow. (AIl branches should be now
in balance, that is to say they deliver the rates of air-

flow required by the design.)
15.. Check the rate of airflow through each branch.
Note: Where a main trunk from the fan supplies a

number of sub-trunks and each sub-trunk in turn
supplies a number of branches, the branches supplied
by individual sub-trunks can be proportionally balanced
as 1 to 13 then the sub-trunks can be treated as branches
and balanced as I to 15.

TYPICAL
BRANCH
LAYOUT

design rates of ai¡flow assigned to.the branches for four
different schemes as shown in Table V.

Schemes l, 2 and 3 were balanced with the aid of the
calibration curve (Fig. 21). Scheme 4 was balanced by a
'Systematic Trial and Error' method without the aid of
the calibr balanced bycomparin g. Branch i
was fi¡stl nch 2, then
Branch 2 orr-

It was noted that the time required to balance Scheme4 using the 'systematic Trial and Error' method was
roughly four times of that required for Schemes l,Z or 3.

6 E.D.

I

BRANCH 4

-OAMPER

-FLOWIVIETER

BRANCH 3

80x

ER/J:CH 2

8RÁNCH 
'

AIR INÎÀKE

METER

AIR SIRAIGHTENER r0" oucT

2ô

AIR. VOLUME
CONTROT BOX

O''AXIAL R¡lV FAN

Fig. 22-Laborator¡r layout for tests on balancing
E.D, = equivalenc ducr d¡ametcr.

9. Laboratory tests on balanc¡ng
An air circuit with four branches was used, as shown in
Fig. 22, for the testing of the balancing procedure. The

Ioble V-Schemes for the laboratory tests on balancin g.

4 8.0

_L

ù

Scheme No. Branch llo.
Size of duct in

inch
Design rate of air- i

flow in ftjjmin ;

t 8OX EENO

Ms-MEAsuRtNcsfaltoñ

F n _ EOUTVALENf
OUCf OIAMETER

lO in

ÂrR coNotfro.{tNG
sEcTtot{

0tREclroN
OF AIÊ

200
200
200
200

4

9in ¡ 9lñ olJcl

llt¡6inOUCI

8in oLrCT

MS.

ln r loln
4

¡o or¡¡usen -9
ll in
0uc -M 

3.
2

8nAÌ{CH No 2

- 
DAT'PER

lfl r 6iñ otJcl

OÂMPEÂ

to oIFFUSER _+
8RÄNCH No 3

Q_ro otFFusER

BRÂNCH ¡5 I

Fig.23-An eir circuit of three branchcs ar the Hrirmyrc:
. Experimentel W¡rd Unit.
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6
6
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6

6

6

6

Toble Vl-Balancing sheet for Scheme 2

Actu¡l r¡te of ¡lrflov;
nt - 

-Dsign 

r¿tc of ¡irflowActu¡l nt¿ of eirflow
R,- Dcaign ratê of ¡¡rflow

Actual r¡tc of airf,ow
ofb which had lrye¡t

25ll

2EO

4 8,0

R,= Derign ratc of airflowLowcrt n.
R.

increased exPonentially

R.-

For airflow circuits of more than four- -branches' 
the

àitr"r;;;; i., ì"t* of time required would probably be
11. Acknowledgements
I would like to express my t lanks to the Nufreld Provin- '

"i"i-nãtpit"ls 
Trust and'the University of- Glasgow for

enabling me to carry out the study described' OpryoF
;;-i;iltd in this i"p"t "t" 

not nåcessarily those of the

irust or of the UniversitY'

ofessor J. Small, D.Sc', Ph'D''

Fîe.24-An air circuit of seven branches at the Hairmyres
rxPerimental Ward Unit'

10. Field tests on balancing
Fies. 23 and24 shows two actual installations of air circuit
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Appendix 1.

A Conversion Tabtc. Velocity pressure and Duct Sizc to the Ratc of Airflow for air having a density of 0'075 lb/fts
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Velocity Pressure
4 t416lE24567

tluct siz¿ in inches diameter
t91012

Rate of 
",16o, 

¡¡r/minMiltimetres of
ìvater gau8,c

Inc'tres of
water gtug€
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