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ABSTRACT

The flow characteristic along the downstream of

an axisymmetric jet issuing axially into a smooth pipe

was studied experimentally. For this purpose, a basic

experimental facility was designed, fabricated and

installed.

The boundary layer thickness of the velocity pro-

file at jet exit was .varied by using three nozzles of

different surfaces. One was smooth and the other two had

relative surface roughnesses of C/D = 1/70 and c/D =n n

1/20. Mean axial velocity and static pressure were mea-

sured along the mixing pipe at Reynolds ,numbers 2.39 x 104,

3 28 104 4 24 x 104 d 5 51 x 104. The Reynolds num-• x ,. an.
ber was defined on the basis' of diameter of the nozzle

and the area- mean velocity at nozzle exit.

The variation of static pressure along the mixing

pipe (upto 44 diameters) was studied and the maximum pre-

ssure rise was compared with a theoretical model. The

maximum pressure was observed near the section where the

jet attached to the wall. The rate of induced flow was

determined for different 'Reynolds number and boundary

layer thickness at nozzle exit. The maximum induced
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flow was found to be 21.95% and it occur~ed at Re =n

3.28 x 104 and nozzle roughness of E/Dn = 1/20. The

zone of attachment of the jet with pipe wall was found

to be between x/rt = 5.5 to 7.5. A possible recirculation,
was identified at the initial region of the pipe. Varia-

tion of centre line velocities along the pipe was also

studied. It was found from the experiment that after the

jet attached to the wall, the flow pattern along the down-

stream was a developing turbulent pipe flow.
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Symbol

LIST OF NOMENCLATURE

Meaning

Latin letters:

A

Cd

CT

D

f

g

H

Cross sectional area

Constants

Coefficient of discharge

Craya-curtet number

Diameter

Friction factor

Acceleration due to gravity

Shape factor

Constants

I.uduced flow rate in percent

m

p

p*

r

rJ:i

u

u
-U

Similitude parameter = 1/CT2

Mass flow rate

Mean static pressure

Non-dimensional pressure rise = (P-Po)/PUo
2

Radius

Half-velocity radius i.e., radius at which
(u-u ) = O.5(u -u )s c s
Local axial mean velocity

Free stream velocity,Velocity at potential core

Area-mean velocity



Symbol

x

x
y

xiv

Meaning

Axial distance measured from the exit plane
of the jet-nozzle

Nondimensional axial distance=x/rt
Vertical distance measured from the wall

Greek letters:

p

]J

T

e

Density of the fluid

Absolute viscosity of fluid

Kinematic viscosity

Shear stress

Average roughness height

Boundary layer thickness

Displacement thickness

Momentum thickness

Phase of AC supply

Subscripts:

a at atmospheric condition

c a.tcentre line

n of jet nozzle

0 at inlet plane of the mixing ,pipe

p of primary jet flow

pc of potential core

s of secondary stream

t of mixing pipe

w at wall



C HAP T E R - I
INTRODUCTION

1.1 General

Jets are formed when a fluid is discharged through

an opening from a region at a higher pressure to a region

of lower pressure. If the jet is allowed to expand in an

infinite fluid it is termed a free jet. On the other hand,

if it impinges on a rigid wall it is called a wall jet.

When a free jet is bounded by a conduit it is known as a
confined jet.

Like the other two types, confined jet has got some

practical importance in different industrial and engineer-

ing applications. These jets are mostly turbulent in nature

and the flow development pattern along the downstream of

the jet has been the object of research-for many years.

Since the governing equations for turbulent flows are

quite complicated, and analytical solutions are difficult;

empirical equations and correlations have been developed

for its prediction. By employing numerical techniques the

governing equations for turbulent flows may be solved by

using fast computers, and the calculated results need

verification by experiments.
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1.2 Axisymmetric Turbulent Jet and Induced Flow

Axisymmetric jets are those in which the average

value of any function of velocities and of their deriva-
.

tives is invariant under rotations about an axis in the

given direction and under reflections with respect to

planes through this axis and perpendicular to it. Such a
•jet can be produced by forcing a fluid through a stream-

lined nozzle having a circular opening. For turbulent jets

it,has been observed by flow visualization technique t,hat

perturbations a,re present at the periphery of the no'?zlcc'
*outlet, which grow with dlstance from the jet exit (32).

These perturbRtions take the form of vortices and eddies

i10 the axial direction and those in contact with the ambi-

ent fluid fold back and thus entrain the surrounding fluid.

The mass flow rate within the jet increases downstrea:u

with a decrease in velocit~y. For an axisymmetric turbulent

jet issuing axially into a smooth pipe having diarnet:p.r

larger than that of the nozzle at exit, the entrainment

process occurs upto t:he point where the jet strikes the

wall boundary, 'rIds phenomenon causes a secondary flow

to be induced into the larger diameter pipe hereinafter

refex'red to as the mixing pipe. The amount of induced flow

*numbers in p~renthesis refer to the seri~l number in
the reference list.
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depends on the factors viz., the ratio of diameters of

the mixing pipe and the nozzle outlet, the Reynolds

number, the boundary layer of the velocity profile at

nozzle exit and the location of the exit plane of the

jet with respect to the inlet section of the mixing pipe,

if the fluctuations of velocity and pressure are not

considered.

The type of flow discussed in the previous para-

graph can be divided into two principal regions: 1) The

initial region and 2) The duct flow region. The initial

region extends from the exit of the jet to the point

where it reaches the wall. On the other hand, the duct

flow region starts after the jet attaches the wall. In

this region the velocity profile changes with axial dis-

tance and the effect of the jet cannot be identified.

Ultimately the flow is expected to become fully developed

turbulent flow through a pipe.

1.3 Importance of Confined Jets

The use of jet pumps dates back to as early as

1852 when James Thomson (39) used it for the first time

for the specific purpose of removing water from the pits

of submerged water wheels. Later the induced flow of

confined jets had been in use in the fuel injection
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system of diesel engines and is still used in the fuel

spraying in boiler furnaces. In air-conditioning plants

the steam-jet ejectors are used. Water jet pumps employ-

ing the principle of confined jet and induced flow in-

clude deep well pumping, booster pumping, dredging, tail

water suppressors, priming devices etc. In ordinary gas

burners, natural gas comes out in the form of jet which

is enclosed coaxially within a converging-diverging

mixing duct. The air inducted mixes with the gas in pro-

per proportions. In some furnaces the flame is contro-

lled by providing a coaxial stream.

The field of confined jets is thus very impor-

tant from a practical view point and therefore, the sub-

ject has been studied by many researchers.

1.4 Objectives

Considering the different applications of the con-

fined jets and its importance as discussed in the prece-

ding section a res.earch scheme has been undertaken •.A

suitable experimental set up has been designed,fabrica-

ted and installed to study the flow behaviour along the

downstream of axisymmetric jets in a pipe. The flow vari-

ables such as mean velocities and static pressures at
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different sections of the mixing pipe are to be measured.

The Reynolds number and the boundary layer of the velocity

profile at the exit of the nozzle will be varied •. The

specific objectives of the present work are enumerated

below:

1. To study the effect of Reynolds number and boundary
layer of the velocity profile at nozzle exit on the
induced flow.

2. To study the effect of Reynolds number and boundary
layer of the velocity profile on the attachment of the
jet with pipe wall.

3. To study the flow development along the downstream.

4.To study the static pressure distributions along the
pipe and to compare the maximum pressure rise with a
theoretical equation.

5. To compare the findings and observations with the
available information in the literature.



C HAP T E R - II
LITERATURE SURVEY

2.1 General

Many authors have studied the flow characteristic

of jets with different fluids under different geometrical

configurations. But the volume of work involving air jets

are much larger than those with other fluids. The possible

reasons are: (a) study of air jets can be utilised to des-

cribe the behaviour of jets with other fluids and (b) ease

of handling of the experiment in a common research labora-

tory. These jets, as already mentioned, are of three types:

free, confined and wall jets. Out of these three, free jet

flow is the most popular area of research among the scient-

ists and is .an established field of Fluid Mechanics (14,36,

40). On the other hand, though "the applications of confi-

ned jet began since more than a century ago, the number of

works in this field is comparatively small.

2.2 Confined Jets

Confined jets that are used in practices are mostly
7'.

turbulent in nature. The works on these, jets can be broadly; i
classified into two groups i.e., theoretical and experiment-

al. The theoretical studies involve the solut~on of mass

flow equation, Navier-Stokes equation, Energy equation,

Reynolds stress equation, Length scale equation with

•
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approximate boundary conditions together with the empiri-

cal shear stress model. With the advent "of very fast com-

puters, researchers have been attached to theoretical predic-

tion of flow characteristic. But the theoretical findings

must be supported by experimental results ....

The studies of confined jets have been conducted by

many investigators with a large number of flow variables

and various geometries. In most cases primary and secon-

dary flows are the main subjects of investigation. The

secondary flow surrounds the primary flow and gradually

mixes with it in the downstream. In the downstream of the

mixing duct the flow development is "largely influenced by

the relative strengths of these two flow-streams. Advanta-

ges of the forced secondary flow are that the ratio" of

,U ,/U can be controlled and experiments can be conduc-p,o s,o
ted over a wide range of flow-ratios. On the other hand,

induced flow depends on many factors like initial condi-

tions of primary jet, ratio of jet diameter to mixing pipe,

entry geometry of mixing pipe, ambient conditions etc. The

relative weightage of the two streams is one of the most

important parameters in connection with the study of con-

fined jets. A non-dimensional number, the Craya- Curte~

number (CT) as proposed by Becker, Hottel and Williams (6)

~~
I' ..~"'"

L
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has been shown to be an index of the relative weightage

of streams (Eqn. 3.7). Many authors such as, Hill (19),

Exley and Brighton (13), Barchilon and Curtet (3),

Razinsky and Brighton (31) used this number as an index

of relative weightage of streams. A similitude parameter,
1m = CT2 is also popular to the scientists. Brighton (12)

has, ,however, shown that CT alone' is not a sui table para-

meter to d scribe the flow patterns, especially when flow

separation and consequent reattachment is encountered.

Becker (31) modified the definition of Craya-Curtet number

and proposed a more generalized definition of the number

by combining the density, momentum flux and mass flux of

both the secondary and primary streams. This definition

of CT was, however, not very widely accepted by many

authors working with confined,jet flow.

The orientation of the primary jet and of the mix-

ing duct is very important in the analysis. The most com-

mon and the simplest one is when a circular jet is expan-

ded coaxially into a smooth circular pipe. Other types of

geometry include the double concentric jets, incident or

parallel jets, swirling jets etc., issuing into a duct.

The mixing duct is normally a smooth pipe or a rectangular

duct of constant cross-sectional area or it can be a con-

vergent-divergent duct (19,21).
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The other geometrical variable is the ratio of the

jet exit didmeter to mixing pipe diameter. Its value varies

from zero, when the jet is assumed to be issuing out from

a point source, to 0.5 (Table 2.1). The rate of induced

flow is largely influenced by the area-ratio. It has been

found from experiments that jet pumps (27) with area ratio

more than 0.2 show high efficiencies.

The static pressure variation along the mixing pipe

is studied by many authors (6,19,21,31) working on confi-

ned jet flows (Table 2.1). For smooth mixing tube having

constant cross-sectional area static pressure increases in

the initial region but decreases after the jet attaches

the wall and is not very much sensitive to CT. Whereas for

a confined jet in converging-diverging mixing duct, the

static pressure variation is distinctly different (21)

from that for constant diameter mixing duct. The variation

of static pressure has been found to be very much influen-

ced by the value of CT. At lower values there is a substan-

tial depression at the throat. This depression decreases

as CT increases and assumes a rising pattern at still higher

values of the number. When the secondary flow is an indu-

ced"one, the static pressure in the initial region shows

a negative value which is an indication of suction from

ambient fluid (3).
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The flow regimes along the downstream of the confined

jet can be broadly classified into two parts. The initial

region and the region after the shear layer attaches the

duct wall (Duct flow region). The relevant works on these

flow regions are reviewed in the following two articles.

2.2.1 The Initial Region

Length of the initial region is influenced by

Reynolds number and the dimensions of primary jet and mix-

ing pipe. This region can be identified as a zone of free

jet flow in a moving stream with a positive pressure

gradient along the.downstream of the mixing duct. Much work

has been done both theoretically and experimentally on

the free jet flows by Wygnanski (41), Heskestad (18),

Newman (28), Townsend (40), Roshko (32), Bradshaw (8),

Boguslawski and Popiel (7) and others. In 1977, Chassing

(~) in a detailed literature review stated that the free

turbulent jet has. been investigated by several experimen-

talists and it is well known for a long time that some

region of universal self preserving profiles can be rea-

ched at a suitable distance from the exit. This review

reveals that the influence of the initial conditions does

not distinctly affect the flow behaviour on the downstream

of the flow.
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Whereas for a confined jet issuing axially into a

smooth pipe, the initial region is very much different

from that of free jet flow. The negative pressure at the

inlet section of mixing pipe causes a secondary stream to

be induced into the mixing duct, and the mixing process

continues upto the point where the jet attaches the wall

of the mixing pipe or an earlier section depending on the

Craya-Curtet number. In an experiment carried out by Hill

(20), where the ratio of mixing duct diameter to that of

the jet exit was 2.5 and the jet exit Reynolds number was

2.6x 105, the secondary induced flow was found to be 0.3

lb/s, the primary jet flow being 0.2 lb/s.

studies conducted in the initial neg ion by Exley and

Brighton (13), Mikhail (26),Hill (21,22), Habib and Whitelaw

(15) have clearly revealed a zone of recirculation before

the jet attaches the wall of the mixing pipe.

The behaviour of an axisymmetric jet with recircula-

tion (backflow) was investigated thoroughly both theoreti-

cally as well as experimentally by Barchilon and Curtet

(3). The study revealed that the approximate confined jet

theory (11) proposed by Curtet is applicable to the case

of axisymmetric jet with backflow. The authors used bubble

injection apparatus to visualize the zone of recirculation.
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They also deduced the mean streamline pattern from hot-

wire measurements of mean velocity. Later, this backflow

has been analyzed theoretically by Hill (19) both for a

uniform and a non-uniform duct. If the entrainment rate is

high enough the jet entrains all the secondary stream before

it (jet) has reached the wall. Downstream of the position

of complete entrainment, a recirculation eddy is formed;

within the eddy the flow near the wall is reversed. The jet

entrains fluid from the upstream part and rejects to the

downstream side. The craya-Curtet number as has been proposed

by some authors (19) gives a criterion for the existence or

initiation of recirculation. According to 'Becker, Hottel

and Williams (6) if CT falls below 0.8, recirculation will

occur; if it is more than 2 which means that the primary

jet is very prominent, the chance of recirculation is very

little.
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Taole 2.1 (19) Experimental Investigations of Confined Jet Flows in Axisymmetric Ducts
with Uniform-Density Fluid ( Ducts of uniform cross-sectional area).

Author Radius ratio Velocity CT Re x-10-4 Measurements (a)
rnlrtw Ratio n

u lu 1 2 3 4 5 6 7 8p,o s,o

Acharya .0625 2 - 5 3.6-11.4 2 * *
Barchilon .074 15-175,'" .074-.97 15 * * * *& Curtet

Becker,Hott- .032 3-200,'" .032-.1. 2'2 5 * * * * * *el & Willi-
~ amsw

Chen .2,.5 2,4 1.16- 3.7 5 * * *
Curtet & .074 2-11. 5 1.3-11 5 * * * * *Ricou

Dealy •25, .5 1.5-12,'" .25- 1.54 . 5 * *
Exley & .167,.333 5-53 .35-1.0 Not *Brighton Mentioned
Fejer .167 :2- 5 1.5- 4.4 10 * *
Forstall & .0625 2 - 5 3.6-11.4 2 * *Shapiro



Table 2.1 (19) (Continued)

Author Radius Velocity CT -4Renx10 . Measurements (a)
Ratio Ratio
rnlrtw u' lu 1 2 3 4 5 6 7 .8p,o s,o

Helmbold,Leu- .099 7 - 50 .31-1.43 18 * *sen & Heinrich

Hill .10 7 - 66 .26-1.74 20 - * *

Razinsky & .167 1.5-10 .65 - 2.6 15 * * * *~ Brighton
•••

Mikhail .26 5 1.1 10 * * *

'>

(a) For variation with axial distance: 1. Centre line
3. -Jet radius
6. Streamlines

velocity 2. Outer Stream Velocity
4. Static pressure 5. Velocity profiles
7. Recirculation 8. Turbulent quantities.
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2.2.2 The Duct Flow Region

When a jet attaches to a wall it begins to undergo

considerable changes in its velocity and shear stress dis-

tributions. The rate of mixing increases, which is evident

from the increased rates of pressure rise and decay of the

excess velocity (difference between the" local velocity and

the secondary induced velocity).

Hill (21,22) has analysed the flow situation in this

range by the integral technique with the help of continuity

and momentum equations. In this study the mixing pipe was of

constant cross-sectional area and data ,were taken upto

about 14 diameters on the downstream side.

The length of the duct on the downstream side up to

which the effect of the initial conditions is present,

depends on the flow characteristics of the primary and

secondary streams. But under all the flow configuration,

when the effect of the jet is no more in existence, the

flow becomes a pipe flow with a developing velocity pro-

file. This type of turbulent flow, due to its great prac-

tical importance, has been studied by many authors in

very detailed form(35,36.& 37), and it is now an establi-

shed field of fluid mechanics.

~.

(,



C HAP T E R - III
THEORY

3.1 General

In this chapter the basic definitions of boundary

layer parameters and of velocity profiles in connection

with the present study are introduced,_

3.2 Definition of Parameters

The velocity profile at the nozzle exit has an

inner constant velocity zone known as the potential core.

This core is surrounded by a shear layer (thickness 0)

around it. The velocity in the boundary layer decreases

gradually from the centre line and assumes zero value at

the wall.

The displacement thickness 0* of the boundary

layer is the distance the actual boundary would have to

be displaced in order that the actuaL.flow rate would be

the same as that of an ideal fluid past the displaced

boundary •.Hence

UO* = JO (U-u) dy
o

1-u/U) dy (3.1)

The momen'tum thickness e of the boundary layer is the

distance from the actual boundary such that the momentum
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flux through the distance 8 is the same as the deficit

of the momentum flux through the actual boundary layer.

Thus

6
(p8U) U = f p(U-u)u dy

0

6
8 = f (u/U) (1-u/U) ily (3.2)

0

The ratio of the displacement thickness and the

momentum thickness gives the shape factor of the shear

layer

H =6*/8 (3.3)

The average mean velocity at any cross-section is

found from the following equation

-U = (U/A)f (u/U) dA (3.4)

The Reynolds number at jet exit is based on the

area-mean velocity and the nominal diameter Dn at the

jet exit. Hence

The induced flow

(3.5)

rate h is defined as the

amount of mass of air inducted by the primary jet in

percentage of it. That is



M =

18

- mn x 100 ••• (3.6)

where rot' mn are the mass flow rates of air through the

mixing duct and the nozzle respectively.

The Craya- Curtet number CT, which is a nondimensional .

measure of the relative weightage of the jet momentum is

defined as

Iu dAoAoCT = (3.7)

u2dA _ ~A2 2
(! udA )2 )~[ Ao I u - ~A 0 0 s,o A 0

0 0

The above definition of CT has been obtained from CT = 111m,
where m is a similitude parameter derived from the continuity

and momentum equations applied for an axisymmetric jet confined

within a duct (3). This (m) can also be obtained by applying

Euler's theorem between two suitable sections of the mixing

pipe (3). The parameter m is a non-dimensional measure of

the weighted momentums of the primary and secondary streams.

For example, at a given initial jet velocity m decreases with

increasing ambient velocities, and if both the jet and the

ambient velocities are same, m = 0 i.e., CT = ~. When the

nozzle diameter is very small compared to the pipe diameter,

the similitude parameter alone can be found to govern the

mixing conditions in the duct.



C HAP T E R - IV
EXPERIMENTAL SET UP AND PROCEDURE

4.1 General

An experimental set up was designed, fabricated,

and installed. The.schematic diagram is shown in figure

4.1. The components were either available in the depart-

ment or were made from locally available materials. The

whole set up can be divided into three parts: 1) The Jet

Producing Section. 2) The Test Section and 3) The Flow

Measuring Devices.

4.2 The Jet Producing Section

This section consisted of five components, viz.,

the blower, the settling chamber, the flow straightening

section, the converging nozzle and the brass pipe.

The blower was of radial blade( centrifugal type.

It was driven by a 3-~, 3 hp (440V, 4.5 A) induction motor.

There were stepped pulleys connected by V-belts and the

pulleys allowed two operating speeds for the blower. The

maximum flow-rate of the blower under free operation was

approximately 4 cfs. The inlet eye of the blower was fit-

ted with an inlet duct assembly (Fig. 4.4) and a nozzle

for measuring the flow-rate through the jet. The inlet duct
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was made of 1/16- inch M.S. plate. It was provided with

an ordinary 2-inch gate valve in order to vary the flow-

rate of air. Air from the blower was led to the settling

chamber which was a 1-foot long, 6-inch nominal diameter

G.I. pipe. The inside surface was carefully machined and

polished by emery cloth. There was a flexible duct made

of rubberized canvas in between the blower outlet and the

settling chamber. The purpose of this duct was to arrest

the vibration of the blower from being transmitted to

the settling chamber. The air was then directed to the

2-feet long,5-inch nominal diameter flow straightening

section.

In this section there were packed 1-foot long, \-

inch ID glass tubes (plate 4.4) of very small thickness

(.018 inch) but of uniform bore. These tubes enabled the

flow to become uniform and the vortices to die out which

are formed by the action of a centrifugal blower. After

the glass tubes there was a wire screen of fine mesh to

make the flow uniform as far as possible.

The next part was the converging nozzle made of

aluminium (Fig. 4.5a), the profile of which was a stream-

line obtained by a suitable rectilinear flow and source

flow to fit the geometrical configuration. The streamlined

surface had been chosen to allow minimum disturbance to flow.
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Finally air was led to the detachable brass-pipe

(H- inch 1.D. and 11l;;-inch long) that produced the jet.

There were two such brass-pipes. One was smooth (Fig. 4.6a)

and the other had concentric stepped roughness inside (Fig.

4.6b). Both of these can be considered as extensions of the

converging alumin'ium nozzle and had been machined from bra-

ss rods. They were fitted in turn to the nozzle to get

different velocity profiles. The inside surface of the smo-

oth nozzle was later covered with sands of two grain sizes

(£ = .0177" and £ = .063") by means of adhesive to produce

defined on the basis of nominal sand dimension obtained

a pipe surface of different roughness. The grain size is

from the seive numbers • The brass pipes were made tapered

towards the opening such that the thickness at the exit was

as small as practical by the available machiningfacilities

in the machine shop. This was. done so that the reduction

of flow area for the induced flow-can be kept at a
minimum. The exit of the nozzle was located just at the

entrance section of the mixing pipe.

4.3. The Test section

The test section was a 12-feet long, 3-inch nominal

horizontally at a height of approximately 3-feet from the

diameter (3.102-inch I.D) mild steel pipe. It was placed

floor. The inside surface was cleaned with steel brush

and the surface finished with emery cloth of different

/ -, _ .••...... ~-,

,
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grades. The test section was aligned ( 9 4.5) carefully

such that the exit of the jet was co-axial with the test

section. The inlet to this test section was fitted with

a streamlined bell- mouth (Fig. 4.5b) made of aluminium.

In order to insert the pitot static tube vertically

downward, twenty one 3/8 -inch diameter holes at differ-

ent x/rt values (First hole, x/rt= 0.5, next six holes

at an interval of x/rt =2"," eighth to sixteenth holes at

intervals of x/rt = 4, last five holes at intervals of

x/rt=8 ) were made to measure veloctty profiles. Static

pressure tappings of ~2 inch diameter were also made at

each of these sections. Three more holes at x/rt = 1,3

& 5 having a diameter of 3/8 - inch were also made in-line

with twenty one holes for insertion of pitot tube in the

vertical direction and for checking axial component of

the possible back flow. When the velocities were measured

at one section, all the other openings were kept closed

with the help of M.S. plugs. The outlet from the test

section led to an orificemeter with the help of which the

total flow rate through the test section was determined.

4.4 Flow Measuring Devices

Flow of air through the experimental set up was me-

asured at two sections. These were 1) Measurement of air

entering the blower with the help of an inlet nozzle

(\



2) Measurement of the combined flow of air(jet and the

induced flow) at the exit of the test section with the

help of an orifice meter.

4.4.1 The Inlet Nozzle

The inlet nozzle (Fig. 4.4), 2-inch throat dia-

meter was made of aluminium. It was cast and later machi-

ned to have a streamlined profile. It was installed verti-

cally with the mouth of the nozzle pointing upward. The

nozzle was connected with the inlet duct of the blower.

A pressure tapping (1/32 inch dia.) on this nozzle was

made at the throat. The pressure tapping was connected

to a draft gage,,( Ellison Company, USA) in order to

measure the pressure depression in the nozzle for compu-

tation of flow rate. The nozzle was calibrated in place

and the coefficient of discharge for different Reynolds

number is shown in Fig. 4.10.

4.4.2. The Orifice Meter

The orifice meter was installed at the end of the

test section. Ii was made of 1/8- inch brass plate held

concentrically between -two flanges (Fig. 4.7). Two pieces

of pipes were cut from the same run of mild steel pipe as the

test section and fitted to the orifice meter on the up and

down streams. There were two pressure tappings(3/32-inch

diameter) at a distance of 1-dia. on the upstream and ~ dia.

on the downstream of the orifice. The orifice plate along



24

with the pieces of pipes were calibrated before connect-

ing with the test section.

The calibration of the orifice was done with the

help of water (29) by direct weighing for the range of

Reynolds number as would be expected in the actual test

with air. The coefficient of discharge for different

Reynolds number is plotted in figure 4.8.

4.5 Alignment and Positioning of the Set Up

The different sections of the test rig were fabri-

cated independently in different shops of the university.

The sections were joined co-axially in the machine shop

by flanges which were fastened by nuts and bolts. Dowel

pins were provided at each junction for keeping proper

alignments. The-threads were made air-tight by employing

Teflon tape and the flange connections were made air-tight

by providing gaskets at each junction. These gaskets were of

polythene paper and were covered with a thin layer of grease.

The inlet duct of the blower was made air-tight by inser-

ting 1/32-inch high pressure gasket with a thin layer of

graphite.

The alignment was done in two phases. First the supp-

orts were bolted to the floor and levelled with spirit

level. The final alignment was done by observing centering

marks with the help of a telescope.
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4.6 Measurement of Velocity Profile and Static Pressure

The velocities were measured at twenty one stations

along the test section to get the velocity profiles at

these stations. A pitot static tube (1/16-inch O.D.hemi-

spherical leading edge) was used with a draft gage using

petroleum oil (specific gravity was 0.834) as the mano-

metric liquid for this purpose. The pitot'tube was held

by a tube holder ( Fig. 4.9) made of brass. The tube holder
,

along with the tube can be accurately traversed up and down

within the test section with the help of an attachment

(Fig. 4.9) fitted to a vertical stand provided with a ver-

tical traversing mechanism. A vernier scale fitted with the

traversing mechanism allowed it to give a minimum reading of

0.01 inch.

The static pressure tappings were made at twenty one

X/Dt values along the test section as shown in figure 4.2.

The pressure was transmitted through nipples held air-tight

and perpendicular to the flow. The nipples were made of

brass and machined carefully such that they just flush

inside the surface of the test section (Fig. 4.3b).

The outside parts of these were made tapered to ensure

an air-tight fitting into the plastic tubes which were

connected to the draft gage.
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4.7 Procedure of Measurement

The blower was first switched on and allowed to

run for about fifteen minutes so that the transient

characteristics died out. During the experiment the

blower rpm was 3873 :!: 2 and that of the motor was 1493 ,:t 1.

The flow was kept constant with the help of the contro-

lling valve at the inlet duct and observing the draft

gage at the inlet nozzle. All the draft gages used in the

experiment"employed petroleum oil having a specific gra-

vity of 0.834 at a room temperature of about 870p.

The height gage was levelled on a table placed near

the test section. The pitot s,tatic tube was then put

inside the mixing tube through one particular hole and

alignment was done properly. During one set of reading

all other holes were kept closed with the help of M.S. plugs

and traversing was done at this station through a split-

plug made of hardened rubber. In order to check the flow

syrrunetry,the pitottube was traversed from top surface

to the bottom at:a few stations; 'but the actual readings

were taken from top surface to the centre line of the tube.

The draft gages were carefully levelled with the help of

spirit level. Since the pressure response of the draft

gages dies out slowly, sufficient time was allowed before
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taking the first reading on the draft gage. When one

set of reading was complete at one station, the pitot

tube was taken out, set at another station and the proce-

durewasrepeated. After one run of the experiment ( at a
particular Reynolds number and exit condition. of the

jet), the Reynolds number was changed with the help of

the controlling valve. The experiments were conducted for

three types of surface roughness of the nozzle. The first

type was the smooth nozzle and experiments were conducted

for four Reynolds number: at nozzle exit. The inside surface

of this nozzle was later covered with sand by glue to have

a sand roughness. Two such suffaces were generated in turn

by sands of two different grain sizes (EO = 0.0177" and

EO= 0.063"). For the nozzle with smaller grain size

( EO = • 0177"), experiments were conducted at three Reynolds

number and for the other roughness;( EO "',063") at two

Reynolds number. Another type of rough surface ( discrete

roughness) was tried by making concentric and square

steps of ~ - inch pitch inside another brass rod (Fig.

4.Gb). But due to high blockage and vibration observed

during trial run readings were not taken with this nozzle.

Static pressures were taken at every tapping along

the axial direction for each run of the experiment. The

reading of the draft gage at orifice meter was also noted

down for each set of experiment.
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Temperatures at the exit of the jet and along the

test section were measured with the help of a mercury

thermometer. No appreciable temperature gradient was,

however, detectable along the smooth pipe, except a few

degrees ( maximum of SOF under steady state operation)

of temperature rise at the jet exit. The effect of this

has been discussed in 96.3. Atmospheric temperatures

( dry bulb and wet bulb ) and pressure were also recor-

ded for each run of experiment and proper care for their

variations have been taken ( Appendix - C ).

4.8 Error Analysis

In Appendix-C, the sources of error for different

measurements are discussed quantitatively. The method pro-

posed by Kline and McClintock (23) has been followed. The

uncertainty in. the measurement of mean velocities, static

pressures and induced flow rates are determined. The errors

obtained are found to be small enough to have any signifi-

cant influences on the trends shown by different parameters.



C HAP T E R - V
RESULTS AND DISCUSSIONS

5.1 General

Mean velocities, pressure heads ,and flow-rates were

measured a~d analysed to produce information regarding the

fl~w and to determine the characteristics of the jet flow.

Comments on the results of this investigation are given

and the results are also compared with available informa-

tions in the literature.

5.2 Exit conditions of the Jet

As mentioned in earlier chapters, the exit velocity

profiles of jets were varied by changing the roughness of

the inner surface of the nozzle: Experiments were perfor-

med at Reynolds numbers viz., 5.51 x 104, 4.24 x 10
4
,

3.28 x 104 and 2.39 x 104• The velocity profiles at nozzle

exit are plotted in figures 5.1,5.2 & 5.3 and the values

of the pertinent variables are shown in Table 5.1.

The displacement thickness is found to decrease with

increase of Reynolds number for a particular type of

nozzle. On the other hand, it (6*) increases with increase

of roughness height for the same Reynolds number. This
observation conforms with other authors (36). The radii of

~e potential core as is observed from Table 5.1, decrease

(~',
, ', ,



30

with increase of roughness height for the same Reynolds

number. The shape factors indicate that the boundary

layers at nozzle exit are turbulent in nature.

Table 5.1 Jet Exit Characteristics

Re x10-4 'Ibtalflow 6* . e ,H rpc u
n o,n o,n c,n

rate lb/s inch inch inch ft/s

2.39 .0263 .029 .0208 1.394 0.63 44.92
3.28 .0362 .0275 .023 1.2 0.605 60.53
4.24 .0439 .0235 .0209 1.124 0.58 73.55
5.51 .0553 .0234 .0197 1.188 0.58 91.50

2.39 .0263 .128 .0688 1.86 0.22 52.12
3.28 .0362 .127 .070 1.81 0.20 71.66

4.24 .0439 .124 .065 1.91 0.20 91.8

2.39 .0263 .132 .079 1.674 0.05 67.56
3.28 .0362 '.131 .074 1.77 0.02 92.48

SllIJOth

tyPe
Nozzle

Nozzle
Roughness

1E:/D = -n 20

Nozzle
Roughness.

1
E: /Dn= 70

It is observed from the exit velocity profiles of jets

as shown in figures 5.1, 5.2 & 5.3, that slight asymmetry

is present in every profile. This error is probably due to

a small misalignment of the set up,or it may be due to

inaccuracy of the nozzle geometry. However,in the present

work, this variation is neglected and measurements of the

velocities were done for the top-half of the mixing pipe

and results are based on these measurements.

I,,
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5.3. Mean Velocity Profiles

The mean velocities along the downstream of the jet

for each set of reading are shown in figures 5.4,5.5 & 5.6.

From these plots it is observed that initially the jet spr-

eads insid~ the pipe for a few pipe diameters and then stri-

kes the wall. The mean velocity readings away from the pote-

ntial core are prone to errors due to possible recirculation

and vorticity present at the outer region of the shear layer.

By setting thepitot tube in the opposite direction of the flow

draft gage readings were observed which was a clear indication

of the presence of recirculation in the initialregion of the jet.

The Craya-Curtet numbers for the experiements were found

to vary within the range of 0.35-0.50. According to Becker,

Hottel and Williams(6) if the value of CT is less than 0.8,

recirculation will occur. Hence the observation of backward

velocity indicating presence of recirculation conforms quali-

tatively wit~ the observation of Becker et al as given above.

The mean velocity profiles in the duct flow region

were checked at a few statmns at the end of the test section.

From the velocity profiles for the last two sections (at x=
79.5, X = 87.5) plotted in figures 5.4,5~5 & 5.6, it appears

that slight difference exists between the two consective

stations,which indicates that the flow 'is still developing.

For the present investigation the duct flow region
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extends from X = 11.5 to X = 87.5 i.e., thirty-eight

diameters (76 rt) only. From the literature on pipe flow

it is found that development for turbulent cases occurs

after 50 diameters from entrance, which agrees with the

observation in the present situation.

5.4 Axial Pressure Gradient

Axial pressure gradients of the smooth pipe for

different Reynolds number and different types of jet exit

condition are plotted in figure 5.7. All the curves show

similar trends. The presence of negative pressure that is

suction at the very begining of the pipe ( X = 1) is an

indication of induced mass flow due to the jet. The

maximum pressure build-up occurs at axial distances of

X = 8-10 , which is just after the zone of attachment.

This section of highest static pressure can be considered

as'the section of fully mixed flows. The maximum pressure

rise has been compared with a theoretical model and the

results are presented in Appendix - B. The results show

that the experimentally determined values are close to

those obtained theoretically. After the region of attach-

ment the pressure shows a downward slope, which conforms

to a pattern of simple turbulent flow through a smooth

pipe. The pressure decrease in this zone is due to the

r~,"
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frictional resistance (Appendix- A) offered by the smooth

pipe.

For the same Reynolds number at jet exit, the

static pressures after the zone of attachment at every

section shows an increasing trend with roughness height.

This is due to the increased mass entrainment for the

change of roughness height (Fig. 5.14).

5.5 Wall Shear Stress

The wall shear stresses were calculated for different

sets cf readings from the pressure gradient in the axial

direction and the results are compared with Blasius equation

for flow through smooth pipe (36). The shear stresses are

found to increase with Reynolds number for all the sets.

The variation of shear stress obtained by the two methods

are within + 10%.

5.6 Growth of the Jet and Attachment

The half-radius growth of the jets are shown in

figures 5.8,5.9, and 5.10. They show more or less similar

increasing trends. Since the, Reynolds number range was

not much wide, the variation due to Reynolds number is not

so prominent. The change of boundary layer at jet exit has
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been found to have no appreciable effect on the region

of attachment of the jet. For all sets of the experiment

attachment took place between axial distances of X = 5.5

and 7.5. For smooth nozzle the half-radii at a particular

location are distinctly different for different Reynolds

number, and it is observed from the graph that higher

is the Reynolds number higher will be the growth rate and

consequently the attachment is likely to be at an earlier

section at higher Reynolds number. This is, however, in

conformity with the jet properties. On the other hand, for

the other two types of nozzles, the points are more or less

overlapping. A possible reason for this, is the bigger

shear layer at the beginning which causes earlier mixing

and thereby the differences due to Reynolds number on

r~ are not so prominent.,

5.7 Variation of Centre Line Velocity

The non-dimensional centre line velocities are plo-

tted in figures 5.11, 5.12 and 5.13 for the initial regions

of the flow. The constant velocity upto X = 1.5 for differ-

ent sets of nozzles reveals the existence of the potential

core of the jet. After this constant velocity zone the

curves fall sharply downward. At around X = 7.5 - 9.5 the

curvature decreases and show the beginning of duct-flow
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region after attachment has taken place. The trends shown
by the centre line velocities conform with the findings

of other authors (11,19 & 21).

5.8 Induced Mass Flow Rate

The influences of Reynolds number as well as the

velocity profile are distinctly observed on the rate of

iQduced flow. For the same type of nozzle the mass induc-

tion increases with Reynolds number, which is in accor-

dance with Sanger (33,34) and Mueller (26).

The influence of the boundary layer of the profile

is also evident from fig. 5.14. At constant Reynolds

number at nozzle exit, the induced mass flow rate increases

with increase in shear layer of the jet at exit. This is

due to better mixing of the secondary flow with the primary

jet for increased thickness of the layer at the jet exit.

Since the experiments could not be performed for a larger

variation of flow rate, no correlation between the induced

mass flow rate and Reynolds number was done. However, it

is observed from figure 5.14 that for smooth nozzle the

rate of increase of induced mass flow rate decreases with

Reynolds number at nozzle exit.
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5.9 Comparison of Excess velocity Profiles

In figures 5.15, 5.16 & 5.17,the excess velocity

profiles

with the

(u-U )/(Uc-us)vs. r/rk are plotted. The matching
s >

empirical equation predicted by Hill (19) is the best

for smooth nozzle. Whereas for other two types of nozzles,

there are considerable scatter. Hill's equation is based on

a large number of data collected for the developed velocity

profiles of the jet from different authors. The range of

Craya-curtet number on which this equation is based is 0.31-

1.3 and the range of the present investigation is within

this limit. The scatter of the experimental points for the

other two types of nozzles can be assigned to the boundary

layer of the velocity profiles at jet exit.



C HAP TE R - VI
CONCLUSION.

6.1 General

In this chapter the findings and the limitations

of the undertaken thesis are presented. suggestions for

future work are also given.

6.2 Findings of the Present Work

The measurement of the flow development along the

known as well as not-50-known features. The study of

downstream of an axisymmetric jet revealed both well-

flow revealed some important and useful aspects of con-

variation along the mixing duct and the rate of induced

mean velocity, jet growth, zone of attachment, pressure

fined jet flow. These are enumerated below:

1. The zone of attachment is not a distinct point
and is not found to vary with Reynolds number

and with variation of boundary layer of velocity

profile encountered in the experiment. The attach-

ment takes place in between x/rt = 5.5 and

x/r t = 7.5.
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2. The maximum pressure build-up occurs near the zone

of attachment i.e., the region of fully mixed flow.

The maximum pressure rise obtained experimentally

can be predicted by the theoretical model shown in

Appendix B.

3. The fully mixed section of the flow is followed by

the duct flow region which is developing pipe flow.

4. A possible zone of recirculation exists in the ini-

tial region of the test section. Due to the presence

of vortices, the flow pattern in this region is very

much complicated and unstable.

5. The induced mass flow rate increases with increase

of Reynolds number and increase of boundary layer

at the jet exit. The maximum induced mass flow rate

was found to be 21.95%, and it occurs at Ren =

3.28 x 104 and E/Dn = 1/20.

6. The mean excess velocity profiles for the initial

region fall on the same line by suitable choice of

the other coordinate axis (e.g., r/r~) for

different Craya-Curtet numbers.
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6.3 Limitations of the Study

The main con~traint in this study was the low capa-

city of the blower and consequently the low Reynolds number

of the jet. If the Reynolds number could be increased, pre-

ferably to the order of 105, more data could be generated

for each roughness and initial velocity profile of the jet

could be varied to a larger extent.

Since the blower was used to supply air for the jet,

there was a slight increase in temperature of the jet flow.

In fact., for this reason and not to aggravate the situation

the flow was not increased by increasing the rpm of the

blower. The temperature rise mainly affects the Reynolds

number. Since the mean velocities were measured and the

variations were not much (less than .05% ), the effect of

temperature was ignored.

The length of the test section was taken to be 11-ft

i.e., X/Dt = 44. The velocity profile though very near to

developed was not fullY developed and thus a definite con-

clusion could not be given about the flow development.

6.4 Extensions of the Present Work

The study of induced flow development along the

downstream of an axisymmetric jet issuing axially into a

smooth pipe has been undertaken and the results have been

presented in this thesis. A basic experimental facility
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has been developed for this purpose. But due to some

limitations of the study ( ~6.3), a limited amount of

data have been generated. As such with some modifications

of the experimental facility more data can be obtained

to analyse the situation for better understanding of the

flow. Hence as an extension of the present work, the

following suggestions may be made for further work in

this field.

1. The blower can be replaced by an axial flow fan and

experiments may be conducted at higher Reynolds

numbers.

2. The type of roughness of the jet nozzle can be varied

over a wider range and any correlation, if any,

between the exit velocity profile and the correspond~

ing flow development may be established.

3. The ratio of mixing duct diameter and that of the

nozzle can be varied and experiments may be done for

different aspect ratios.

4. The length of the test section may be made much

larger (about sixty diameters) in order to get the

developed flow on the downstream side.

(~"I
)
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5. The recirculation in the initial region can be

studied.

6. The location of the exit plane of jet nozzle can

be varied' with respect to the inlet section of the

mixing pipe and the flow characteristics in the

downstream can be studied.

7. For all the flow configurations mentioned above, the

turbulence parameters can be measured by proper

instrumentation.



APPENDIX - A

DETERMINATION OF WALL SHEAR STRESSES

After the jet strikes the wall, the flow is a simple

pipe flow in the turbulent region. So the investigation has

not been made in this region except for the static pressure

gradient in axial direction. The static pressure as is seen

from Fig. 5.7 decreases linearly with axial distance as has

already been mentioned in ~5.5.

The wall shear:.>stressfor smooth pipe is obtained by

two independent methods and comparison is made.

The first method employs determining the wall shear

stress of the smooth duct by the formula described by

Schlichting (36) •

'w = 1/8 fp u~ (A.l)

where f is the resistance coefficient, which is deter-

mined from the formula by Blasius (36) for smooth duct.

f = O. 31 64 Re~~ (A.2).

From equations (A.1) and (A.2) , it is obtained

pu2 -k, = 0.03955 Re 4 (A.3)w t t

where P is in slug/ft3• The values obtained for

different sets of reading are shown in table A.l.

42
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The second method is the determination of wall

shear stress from axial pressure gradient,of the pipe. If

the wall shear stress is assumed to be uniform throughout

the perimeter of the duct,then a simple force balance provi-

des,

(A. 4)

where dp/dx is the pressure gradien~ assessed from the

wall static pressures measured by the wall tappings. The

values obtained by this method are also shown in Table A.l.

Table A.1 Wall Shear Stresses Calculated By Different Methods.

Type of -4 1: 'from eqn. 1: from eqn.Retx10 w w
Nozzle (A.3) Ibf/ft

2 (A.4) Ibf/ft
2

1.15 .000498 .000472

Smooth 1.63 .000907 .000671
2.0.1 .00132 .00124
2.59 .00205 .00220

Nozzle 1.16 .00050 .00053
Roughness 1.65 .00093 .000753
e:/D= 1/70 2.03 .00132 .0012n

Nozzle 1.17 .00051 .00045
Roughness
e:/D= 1/20 1.80 .0011 .00096n



APPENDIX - B

DETERMINATION OF MAXIMUM PRESSURE RISE

In order to predict the maximum pressure rise for the

type of induced flow as in the present case, the simple

theoretical model similar to the one by Hill, B.J.(20) is

presented here. The essential assumptions for this model are:

,. The maximum pressure in the mixing duct corresponds to

complete mixing of the primary and secondary streams;

2. The primary, secondary and fully mixed flow are each of

uniform velocity across the respective cross-sectional

areas;

3. The pressure is uniform in the inlet plane and the plane

of maximum pressure rise;

4. The density change due to slight change in pressure is

neglected.

5. The wall friction force is negligible in comparison with

the pressure force.

These assumptions approximately hold good for the flow

situation in the present investigation. By taking a control

volume between the inlet section and the section of maximum

pressure rise, the force balance gives the following equation:

(P2-P,)P At = ill u - ~ u - ill ut t n n s s

44

... (B.')
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where,

mn = mass flow rate through the nozzle

mt = mass flow rate through the duct at the section of
maximum pressure rise

= secondary mass flow rate =

u = area mean velocities
m -t

IIIn ••• (B.2)

P1,P2= static pressures at the inlet section and section of
maximum pressure.

... (B.3)

(B.4)

The thickness of the jet nozzle reduces the flow area of

the secondary stream. Hence, to calculate the flow rate of

this stream the area is corrected by introducing the'thick-
ness correction factor' C. So

(B. 5)

By substituting eqns. (B.2), (B.3), (B.4) and (B.5) in

equation (B.1) and introducing C' = An/At the expression
for maximum pressure rise (6P) becomes,

6P = ••• (B.6)

For one set of reading (Nozzle roughness, ~/Dn= 1/70 and

Re = 3.28 x 104) the following values were obtained:n
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Itt = .0362 Ibis, rot = .04265 Ibisn

An = .00852 ft2 At = .05241 ft2 C' = An/At = .1626

C = 1 + (1.344)2 - (1.25)2 = 1 .156 (Fig. 4.6a)
(1.25)2

p= .0719 Ib/ft3

~p = .905 Ibf/ft2expo
From eqn. (B.6) ,

~ Ptheoretical
~ pexper imen tal

= 1.09

The comparison of the maximum pressure rise for all the
sets are shown below.

TableB.1 Comparison Of Maximum Pressure Rise With
Theoretical MOdel.

Type of
Nozzle

Re x10-4
n ~Pexperimental

Ibf/ft2
~Ptheoretical

Ibf/ft2
~Ptheor.
~Pexp.

2.39 0.424 0.539 1.271.
3.28 0.853 1 .011 1. 1845

Smooth 4.24 1.420 1.473 1.037
5.51 2.236 2.315 1.036

Nozzle 2.39 0.481 0.528 1.098
Roughness 3.28 0.905 0.989 1.09

fOlD=1/70 4.24 1.518 1.450 0.955n

Nozzle 2.39 0.545 0.596 0.966
Roughness 3.28 1.009 0.974 0.965fOlD= 1/20n



APPENDIX - C

UNCERTAINTY ANALYSIS FOR MEAN QUANTITY MEASUREMENTS

In the present investigation, measurements were taken

with great care to minimise the possible sources of error.

But the inherent limitations of the draft gages and the

measuring instruments, the atmospheric changes and the probe

settings introduced some errors in the process of measure-

ments. Uncertainties thus crept into the measurements of

velocity and pressure are analysed by the method suggested

by Kline and McClintock (23).

If a result R be a function of n independent varia-

bles':

(C.1)

For small variations in the variables, the relation can be

expressed in linear form as

R =
aR
~1

ov, + aR
~2

+ aR ov
~ nn

•• (C.2)

The uncertainties in the variables v are represented com-. n

pletely by an uncertainty distribution but can be adequately

described by uncertainty intervals U •vn

47
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If UR is the uncertainty involved with the result,then

U'
R

aRav2
+ ( •• (C.3)

This equation for the calculation of uncertainty has

been used in the following analyses.

C.1 Uncertainty in Mean Velocity Measurements

When air was flowing with a velocity u (ft/s) and a

pitot-static was placed parallel to the flow, the velocity

was calculated from the dynamic head hw (ft) of water'recor-

ded by the draft gage reading from the relation

u
hw Yw

Ya ( C71. 1 )

where Yw and Ya were the specific weights of water

and air respectively. The scale readings of draft gages were

for a pressure of 29.92 inches of Hg and for dry air at 700p.

So,
u = 66.75/hw (C-1.2)

where hw was draft gage reading in inch under the standard

conditions mentioned above. But for the present case, the

temperature, pressure and humidity were different and proper

correction factors were applied. Hence it was not necessary

to calculate the uncertainty involved due to these changes.

The only factor that caused the uncertainty was the meniscus
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reading, hw. The change of density of oil used in draft

gages due to fluctuation of laboratory temperature (maxi-

mum of :!: o2 F ) was found to be negligibly small in com-

parison with the meniscus fluctuation and had negligible

effect' on the final reading. Specific gravity of oil was .834.

If the sensing point of the pitot -static had a misalig-

nment of e from the direction of flow due to adjustment

error, then the measured value would be

u = C Ihw cos e

where C = 66.75 x C1 x C2

(C-1.3)

(C-1.4)

C1 and C2 being the correction factors for temperature-pre-

ssure and humidity respectively.

From eqn. (C.3), the uncertainty in velocity measure-

ment can be expressed as

[au U ) 2 +Uu = (ahw hw
au
':i8. (C-1.5)

where Uhw andUe are uncertainties associated with draft-

gage reading and alignment of the probe with flow direction.

TO get the uncertainties involved in the different

variables the respective partial derivatives are now found out.
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u = C Ihw cos e

au C 1 e:l1iw = '2 Ihw cos

au = -C Ihw sin e'd"e'"

Comb~ning these equations with eqn. (C-1.5),

...
(C-1 .3)

(C-1.6)

(C-1 .7)

u = C cos e [1. U2 + 4 hw u2u '2 hw hw e ••. (C-L8)

From equations (C-1.3) and (C-1.8), the equation for

uncertainty in velocity measurement takes the form

u
U

u':

u2 2 2 ~~ [ hw + 4 U e tan e]
hw2

(C-1.9)

Now during an experimental run, the following condi-

tions were observed.

hw = .3 + • 005 inch of water

e

The corresponding uncertainty in the velocity measure-

ment from the equation is computed to be U lu = 0.0169 or.u

1.69%.
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C-2 Uncertainty in Static Pressure Measurement

The wall static pressures measured from the wall

tappings were the gage pressures below and above atmos-

pheric pressure. If p be the absolute static pressure and

p be the atmospheric pressure, then the recorded pressure
a
would be

p = p -pr a
and the abosulte static pressure

... (C-2.1)

p = (C-2.2)

The recorded pressure is nothing but ~ hw, so that

p = p - Y hwa w (C-2.3)

Hence the uncertainty in wall static pressure measure-

ment was
U = [(p

.il.E
;jp. a

ap/apa=1, apia \i = -hw and ap/ahw = - Yw (C-2.5)

Subsitituting

U = [u2
p Pa

lC-2.5) in

+ hw2 u2y +
w

(C-2.4)
2 2 ~

Yw UhW] (C-2.6)

For an experimental run,

p = 2102.4 psf, U = 0, for a short interval
Pa

hw= .091 :!: .001 inch of water, Y = 62.241 + .032 Ib/ft3w -
The corresponding uncertainty from equation is

~ -6 .P = 4.935 x 10 ~.e., .0005%
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C-3 Uncertainty in Determination of Induced Flow Rate

The induced flow rate through the mixing duct was

calculated from the difference between the total flow rate

through the orifice and that through the inlet nozzle. Since

the air coming out of the blower was at a temperature of.

about 50F higher than that of the ambient secondary air,the

induced flow rate was calculated in mass unit after taking

proper care for the change of .density.The small variation

of pressure has negligible effect on the flow rates. If m

is the inducedflow rate, mt,the total flow rate through

orifice and and m , the flow rate through the inlet nozzle ,
n

then

m = mt - mn
m = k, Cd, Ih,t

m = k2 Cd2 Ih2n

(C-3.')

(C-3.2)

(C-3.3)

where k, and k2 are constants obtained from geometry of

the devices and Cd, and Cd2 are the coefficients of dis-

charge of the orifice plate and of the nozzle respectively.

Therefore, the uncertainty in the determination of induced

mass flow rate is

u.
m

= [( 3m'a'i!lt u. )2 +mt
3m
amn

•• (C-3.4)

where u. and U~mt lUn
and mn

are the uncertainties associated with mt
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By taking partial derivatives of eqn. (C-3.1).

dm / am = 1 , am / am = -1. t . n

Substituting eqn. (C-3.5) in (C-3.4)

= [u2 + u2 ]
~

U.m mt mn
mt = k1 Cd1 ,1h

1

[( dItt ) 2
omt ) 2 ]

~
U. = -red 1 Ued + ( dh1

Uhmt 1 1

(C-3.5)

(C-3.6)

(C-3.2)

(C-3.7)

(C-3.8)

(C-3.9)

Substituting (C-3;8) and (C-3.9) in (C-3.7) and combining

with (C-3.2)

UCd .

[ 1)2 + 1= (Cd
1

"4 (C-3.10)

Similarly, for the nozzle

UCd2.2 1
Cd) + "4

2

~
] (C-3.11)



54

NOw, for an experimental run (Ren = 3.28 x 104, Nozzle.

roughness E/Dn= 1/20 )

Cd = 0.635 +1
.002, h1 = 0.33 + .005 inch of water

u. Imt = .008204mt
(C-3.12)

Cd2 = .879 ~ .002, h2 = 0.15 + .001 inch of water

u. 1m =.00403mn n

For this set,
mt = .0441 lbls, mn = .0362 lbls

(C-3.13)

Hence substituting in eqn. (C-3.6) and dividing by

m = .0079 lbls, the uncertainty in induced mass flow rate is

= 0.0494 i.e., 4.94% •

o
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