
i
t
I

FLOW FIELD BEHIND A FINITE-THICKNESS BASE IN TWO

NON-PARALLEL STREAMS.

By

T. M. SHAIFUL ISLAM

r--.- -- __

! III'1'llllmWJ~~!!lllImf.- :
I I,

DEPARTMENT OF MECHANICAL ENGINEERING

BANGLADESH UNIVERSITY OF ENGINEERING

AND TECHNOLOGY, DHAKA, BANGLADESH.

APRIL 2005



FLOW FIELD BEHIND A FINITE-THICKNESS BASE IN TWO

NON-PARALLEL STREAMS

BY

T. M. SHAIFUL ISLAM

A Thesis

Submitted to the Department of Mechanical Engineering in partial

fulfillment of the requirements

for

the degree of Master of Engineering in Mechanical Engineering.

DEPARTMENT OF MECHANICAL ENGINEERING

BANGLADESH UNIVERSITY OF ENGINEERING

AND TECHNOLOGY, DHAKA, BANGLADESH

APRIL 2005



RECOMMENDATION OF THE BOARD OF EXAMINERS

The board of examiners hereby recommends to the Department of Mechanical

Engineering, BUET. Dhaka, the acceptance of this thesis, "FLOW FIELD

BEHIND A FINITE-THICKNESS BASE IN TWO NON-PARALLEL

STREAMS", submitted by T. M. Shaiful Islam, in partial fulfillment of the

requirements for the degree of Master of Engineering in Mechanical Engineering .

Chairman (supervisor):

Member (Ex-officio):

Member

....... ~.' .

Dr. Mohammad Ali

Associate professor

Department of Mechanical Engineering

BU~J:\ Dhaka-WOO, Bangladesh.

Dr. Md. Quamrul Islam
Professor & Head
Department of Mechanical Engineering
BUET, Dh,~,"gl'dO'h.

~ ~.• <
Dr. A. K. M. Sadrul Islam
Professor
Department of Mechanical Engi neeri ng
BUET, Dhaka-IOOO,Bangladesh

II



CERTIFICATE OF RESEARCH

This is to certify that the work presented in this dissertation is the outcome of the

investigation carried out by the author under the supervision of Dr. Mohammad

Ali, Associate professor, Department of Mechanical Engineering, Bangladesh

University of Engineering and Technology (BU,Ety, Dhaka, Bangladesh and that

it has not been submitted anywhere for the award of any degree or diploma .

......J1bJ.' .
Dr. Mohammad Al;-

Supervisor

III

.. ~ .
T. M. Shaiful Islam

Author



ACKNOWLEDGEMENT

At First, author wishes to express his deepest gratefulness and infinite thanks to

thc almighty "Allah" for the successful completion of project and thesis work.

Thc author express his indebtedness and heartiest gratitude and rejoicingly'

cxprcss hcartiest acclamation to his thesis supervisor Mohammad Ali, Associate

professor, Department of Mechanical Engineering, Bangladesh University of

Engineering and Technology, (BUET), Dhaka, for his cardiac guidance, paticntly

care and attcntion, help and encouragement, valuable suggestions which enablc

his to ovcrcame the various problems related to this project work.

The author also expresses his gratitude to Dr. Md. Quamrul Islam, Professor and

Hcad of the Department of Mechanical Engineering (BUET), Dhaka, Bangladesh

for his valuable suggestion.

The author is very much grateful to honorable Dr. A. K. M. Sadrul Islam,

Professor of the Department of Mechanical Engineering (BUET), Dhaka,

Bangladesh for his valuable suggestion and kind help.

The author also cxtend his thanks and gratitude to teachers of Mechanical

Engincering Department, Who cooperate by giving permission to use the

computers of teacher's Computer room.

Authors gratefully remember his beloved parents, friends and well wishers.

Finally, the author offers his sincere thanks to all those who help him either

dircctly or indirectly in various stages to computer his thesis.

tV I"",
'\ :-
'.
'--j



ABSTRACT

A numerical sturdy on mixing and characteristic phenomena of subsonic

hydrogen !low with a supersonic airflow behind a finite-thickness basc has been

pcrforlncd by solving Two-Dimensional Navier-Stokes equations. An explicit

Harten-Yee Non-MUSCL Modified-Flux-Type TVD (Total Variational

Diminishing) scheme has been used to solve the system of equations, and a

zero-equation algebraic turbulence model proposed by Baldwin and Lomax has

been used to calculate the eddy viscosity coefficient. To delineate the purely

fluid dynamic effects, the flow has been treated as non-reacting.

The objectives of this research are to observe the mixing of hydrogen with air,

characteristic phenomena of the flowfield, mixing efficiency and fiame holding

capability of a supersonic combustor. Two non-parallel streams are considered
!

for this study. The merging angle and base thickness between air and hydrogen'

streams are taken as variable parameters. The merging angles ilre varied as 10",

20", 30", 40" and 50° for base thickness 0.01 m and base thickness is increased

to 0.0 15 m for merging angles 10", 20" and 40° to study the physics of the

rJowfield. Two large recirculations behind the base can be found which can

enhance mixing. With the increase of merging angle, the recirculation region

decreases but mixing efficiency increases up to 40° merging angle. On the other

hand the !lame holding capability has been better for small merging angle (10°)

due to the relatively large and elongated recirculation, which is an important

factor for fiame holding capability. Secondly, the base thickness is 0.015 m and

then merging angle are 10°, 20° and 40°. For higher base height, the

recirculation regions become large and elongated. The mixing efficiency is

higher than that of 0.0 I m base thickness. Higher base thickness enhances both

the mixing efficiency and fiame holding capability. The recirculation regions

and several shocks such as expansion shock, recompression shock and

reattachment shock in the flowfield are evident.
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NOMENCLATURE
Symbol Meaning Unit

h finite-thickness base width m

b inlet height of the streams m

C molar concentration Mole/m'

c sound speed m/s

Cp specific heat at constant pressure J/(kg. K)

Diml molecular diffusion coefficient of ;-th species m2/s

Dif turbulent diffusion coefficient of ;-th species m2/s

DU binary-diffusion coefficient for species; andj m2/s

E total energy Jim'

F flux vector in x-direction
A transformed flux vector in .;-direction
F

.Iii Local mass fraction of hydrogen

G flux vector in y-direction

A transformed flux vector in 7]-direction
G

h enthalpy J/kg

J transformation Jacobian

J number of grid points in x-direction

JJ m(lximum number of grid points in x-direction

K number of grid points in y-direction

KK maximum number of grid points in y-direction

M Mach number

111 mass flux of species kg/s

p pressure Pa

qc energy flux by conduction W/m2

qD energy flux by diffusion W/m2

R universal gas constant J/(kg.moI.K)

S Sutherland constant for viscosity K

x



S Sutherland constant for thermal conductivity K

T temperature K

TE effecti ve temperature K

t physical time second

II horizontal velocity m/s

lie Velocity at the edge of boundary layer m/s

U vector of conservative variables

" transformed vector of conservati ve variables
U

U contravariant velocity in S'-direction

V vertical velocity m/s

V contravariant velocity in 77-direction

W molecular weight of species gm/mol

x horizontal Cartesian coordinate m

y mass fraction of species

y vertical Cartesian coordinate m

Z mole fraction of species

a merging angle degree

S' transformed coordinate in horizontal direction

77 transformed coordinate in vertical direction

p mass density kg/m'

CY normal stress Pa

T shear stress Pa

,u coefficient of dynamic viscosity kg/(m.s)

K thermal conductivity W/(m.K)

5 boundary layer thickness m

5' Kinematics displacement thickness m

r local equivalence ratio of hydrogen and oxygen

(j.J global equivalence ratio of hydrogen and oxygen

rp contour level

Xl



Supel'scripts

I1S number of species

Subscripts

i, j index for species

I laminar case

m mixture

t index for turbulence

v viscosity term

x horizontal direction

y vertical direction

xy reference plane

o reference value, stagnation condition
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CHAPTER-I

'1.1 General

INTRODUCTION

Mixing process plays a vital role in the operation of combustor in many

engineering application e.g. combustion chambers, pre-mixers for gas turbine

combustors, chemical lasers, propulsion systems and flow reactors. In the

supersonic combustion system,. the flow speeds are so high that the fuel and

oxidizer have very little time to mix i.e. high penetration and mixing of injectant

with main stream .is difficult due to their short residence time in combustor. The

developing shear layer generated by turbulent mixing of two coflowing fluid

streams has been one of the most active areas of research in fluid mechanics. In

recent development of efficient supersonic combustion ramjet (scramjet) engines

and advanced airspace propulsion system, there is renewed interest in the study

of turbulent mixing layer. The turbulent mixing layer, which forms at the

interface between two uniform streams of different velocity, develops through

two successively distinct regions, namely the near-field regions. Unfortunately,

the growth rate of mixing layer in two supersonic streams is considerably smaller

than that of two subsonic streams. Brown [I] showed that the spreading rate of

supersonic mixing layer decreased dramatically with increasing of free stream

Mach number. Though a considerable number of researches have been carried

out on mixing. and combustion of fuel with supersonic air stream, stile it faces

many unsolved problems. The main problems that arise in this regard concern

mixing of reactants, ignition. flame holding and completion of combustion. To

overcome these problems many efforts have been expended for past three

decades.

There exist several methods of injection in the supersol1lc aIr stream.

Perpendicular injection causes rapid fuel-air mixing and used to some degree of

I
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all flight Mach numbers to promote mixing. On the other hand, parallel injection

is used when slow process is desired, especially at lower speed of space vehicles.

When operating a lower Mach number, parallel injection must be used

extensi vely to slow the mixing process and prevent thermal choki ng. In parallel

or non-parallel (if small injection angle) injection or inlet streams, very weak

interaction occurs between two flows. Weak interaction means weak penetration

as well as low mixing. The mixing layers from non-parallel merging streams

were found to have higher growth in the near field than those from parallel

merging streams [2]. In this time, recirculation region and mixing region can

enhance mixing. If the recirculation is large, elongated and good, the mixing is

improved. Then the flame holding capability is also better, which is very

important in combustor.

Hydrogen is well known as the most suitable fuel for such propulsion systems

because of its high potential of heat release and rapid mixing with air. Because of

the high speed of the airstream, a reasonable length is needed for the combustor.

So it is difficult to perform the experimental study under the supersonic

combustion because of high cost. Therefore, the numerical research is quite

important. In this research, it is numerically simulated two-dimensional InIXll1g

flowfield with non-parallel two streams. The effect of merging angle of two

streams and the effect of base thickness between two str~ams have been studied

to observe the flow field characteristics phenomena and mixing of air-hydrogen.

1.2 Background

Many studies, such as theoretical and numerical have been performed to analyze

the mixing, combustion characteristics and mixing efficiency in supersonic or

subsonic flows. Azim et a1. [2] showed that the mixing layers decreased 111

growth with increasing velocity ratio, though the streams spreaded more at the

high-speed side. With increasing velocity ratio the development distance was

increasing and splitter wake played a dominant role in the development of the

2 ,.



mixing layers. The mixing layers from non-parallel merging streams (18°) were

found to have higher growth in the near field than those from parallel merging

streams. In an experimental investigation of the complex interaction region

behind a finite thickness base Amatucci et al. [3] showed the mixing process in

recirculating and shear-layer region, and characteristic of the flowfield. They

showed that strong mixing and diffusion occurred in the recirculation region due

to strong interactions with the low velocity regions of both shear layers and due

to low pressure behind the base. The shear-layer mixing region spreaded with

streamwise distance. The turbulent mixing also occurred at far downstream

region. To compare the numerical results with previous experimental results for

non-reacting wake flow behind the base Tabejamaat et al. [4] showed that the

recirculation was very important for mixing. That numerical result predicted

expansion at the separation points, formation of a recirculation region bounded

by two shear layer mixing regions, recompression and reattachment of the shear

layers and downstream wake redevelopment. In a numerical study on backward

facing geometric configuration, Ahmed [5] found that the upstream recirculation

played an important role to enhance mixing. He showed that the configuration for

small distance of injection posit~on had high mixing efficiency but the flame

holding capability was not good. By varying injection angle and Mach number,

the investigation showed that perpendicular injection and higher mach number

(M=1.3) increased both mixing efficiency and flame holding capability. In a

transverse injection in a supersonic air stream Ali [6] showed the pattern of

upstream recirculating region with changing the step height. He showed that the

upstream recirculation was larger and elongated for high step height. But either

mlxlllg or flame holding capability is not good for the high step height. The

elongated upstream recirculation in configuration h/b=5 provided longer

residence of flow with good proportion of fuel and oxidizer. Berman et al [7]

reported the computation results for the supersonic flow over a rearward-facing

step with transverse injection. They showed that the recirculating region formed

behind the step and that recirculating region was fuel rich due to the combined

effects of convection and mass diffusion. The pressure in recirculating region

3



was nearly constant. For the flow through a plane duct with a symmetric sudden

expansion Durst et a!. [8] studied the separation and recirculation regions in

various Reynolds number, Re. (from70 to 610). They observed that for Re. above

400, a third separation region appeared on the short separated sidewaI1, growing

in length with increasing Re. They also observed the detachment and

reattachment points as function of Re. Fearn et al. [9] and AI1eborn et al. [10]

also studied the recirculation, separation and reattachment points on the two-

dimensional flow in a sudden expansion.

In a study on turbulent mixing layers, Brown et al. [1] showed that the spreading

rate of supersonic mixing layer decreased drasticaI1y with increasing of free

stream Mach number. They also concluded that the strong effects on mixing-

layer spreading rate were due to compressibility effects, not density effects.

Umeda et a!. [11] performed a numerical analysis of two flows moving from a

periodic boundary to the opposite direction. They showed that the upper right-

going layer and the lower left-going layer interacted and mixed due to vertical

entrainment and molecular diffusion. Takahashi et a!. [12] found that the use of

the turbulence model improved the interpretation of the experimental data, but

showed the insufficient effects. of turbulence model at the separation regions and

near the injector because of a complex flow. They also suggested that a two-

equation model was necessary to improve the simulation. Yokota et a!. [13]

numericaI1y investigated the effects of injection method on supersonic mixing.

They showed that the area of the mixing region was very important for the

mixing enhancement. For paraI1el injection, when the distance from the wall to

the injection slit was not zero, mixing efficiency was twice as larger as than ones

in other injection methods. Two streamwise injections with swept ramps were

studied by Lee [14] to enhance fuel-air mixing. They showed that the streatwise

vorticity generated by the swept ramp caused the injected fuel stream to be lifted

from the floor and roll into itself, developing a butterfly-like shape. That leaded

to rapid mixing of the injected air with the freestream air. They also observed

some flowfield features included separation and shock wave interaction effects.

4



A numerically simulation of mixing has been performed by Gerlinger et al. [15].

In parallel slot injection, they found that at the corner of the wall step an

expansion fan was formed that was followed by a shock wave and the supersonic

mixing was dominated by turbulent diffusion. To study the effect of the

parameters on the twinjets, Moustafa [16] showed that the maximum velocity or

total pressure decreased and the jet width increased with the increase of

streamwise distance from the nozzle exit. For lower value of the nozzle spacing,

the two jets mixed and combined to form like a single jet. In the case of higher

nozzle spacing, the bending of the jet axis is larger than that of the smaller

spacing. A numerical experiment of turbulent free mixing layer consisting of two

coflowing fluid stream has been performed by Liou et al. [17]. They found that

the vortex roll-up in the shear layer appeared to be delayed and the shear-scale

structures were more flattered, elongated, and less mixed as convective Mach

number (Me) gone up. For the case of supersonic/subsonic velocity rcgimes. a

lower development of the shear layers was observed with increasing Me. To

examine the streamwise pressure gradient effect on the mixing layer at the

interface between the parallel supersonic flow, Abe et al. [18] showed that the

mixing layer grown along the flow direction. They also showed that the growth

rate of the mixing layer was enhanced when a streamwise pressure gradient

existed.

In detailed study, several parameters were adopted to study the mixing of

hydrogen with air. Recirculation, which formed behind the base or

backward/rearward facing steps, had an important role to enhance mixing. Larger

and elongated recirculation was important for good flame holding capability. The

110ws expanded sharply around the corner of geometric configuration and some

cases caused a strong interaction. But interaction of air and hydrogen l10ws W;1S

weak in parallel streams or long distance injection. The mixing shear layer

spreaded downstream. Throughout the mixing shear layer, mixing was occurred

by diffusion due to density gradient at the interface of two 110ws. Mixing

decreased with the increase of Mach number.

5



1.3 Objectives

The primary objective of this numerical study of air and hydrogen streams is to

investigate the physics of fluid dynamic existing in the near-wake flowflied

behind the base and how they interact, and mixing. Near-wake flowfield has been

studied in order to investigate such features as change of velocity profiles due to

the corner expansion process, strength and mixing in recirculation region, and

shear layer regions. In this research, attention has been made on flowfield

characteristic and mixing efficiency by using air and hydrogen flow inlet

parameters as (i) merging angle of two streams and (ii) height of base thickness.

Many researchers paid their attention to the injection methods on mixing of

parallel supersonic air stream in different velocity and on geometric

configuration to get better mixing. But there is no available information about the

effect of air-hydrogen non-parallel streams behind a base, which I have done

here. To delineate the purely fluid dynamic effects and mixing efficiency, the

flow is treated as non-reacting because most of investigations on mixing of

supersonic air stream with hydrogen have been conducted for mixing in non-

reacting flowfield.

6
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CHAPTER-II

MA THEMA TICAL MODEL

2.1 Govenling Equations:

The flowfield lS to be analyzed governed by the unsteady, Two-Dimensional

Navier-Stokes equations neglecting body forces and heat source terms. along

with species continuity equations and an energy equation.

With the conservation-Jaw form, the governing equations can be expressed by

au aF aG aF, aG,--+ --+ --= --+--at ax ay ax ay
r

(2.1 )

Where

p pu pv
, puvpu ptr+p

u= ,F= ,G= ,
pv puv Pv" + P

E (E+p)u (E + p)v

py, pY;l1 pY,v

o

F, = T,.,

a,,11 + [,'xV-(I.\

-111\

o

.G,. = (7,

T.,_:, /.{ + a ,"v - q \"

-111
.'
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1).1'

P ~ LP,!?;T

_ l(aU av) 2 (au)D" -/1,-+- + j..I.-
x axay ax

au av av
D"y ~ A(- + -) + 2j..1.(-)ax ay ay

au av
Tn' ~ T"~j..I.(-+-)"." ay aX

2
A~-j..I.

3

(2.2)

(2.3)

(2.4)

Mass diffusion occurs whenever there exists a gradient in the proportions of the

mixture, i.e. a concentration gradient. Because of this gradient, there is a mass

motion species i in the opposite direction. If the velocity of this mass motion is

U;, called the diffusion velocity, the mass flux of species i is p;U;. This mass flux

is given approximately by Fick's [19] law as

(2.5)

\\There p is the mixture density and D;",I is the molecular diffusion coefficient of

species i for diffusion into the mixture. The density of the mixture is determined

from
/1.\.

P~LP;
i=l

8
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Due to heat conduction, the flux of energy

q, = -k'VT

And due to diffusion, energy flux of all species
II.'

qo = Lp;U/lj

;=1

Therefore, the total energy flux (radiation is neglected)
11.1'

q = -k'VT + Lp,ujhj
;=1

(2,7)

(2.8)

(2.9)

Considering the flowfield with gradients of temperature and mass fractions in x-

and y-directions, the total energy flux in x-direction can be obtained by Eg. (2.9)

as

aT 'u
q =-k-+ "pD. hx a ~ I IX I

X i=d

(2.10)

Where Uix is the component of diffusion velocity of species i in x-direction. From

Eg. (2.5), we can write

Combining Eg. (2.10) and Eg. (2.11), we get

aT '" ay
q = -k - - "D h-'
x a- L.J 1IIi1la.x i=l x

Similarly, the total energy flux in y-direction

aT '" ay
q =-k--"D 11-', a ~ IIJII I a.- Y !=l Y

(2.11 )

(2.12)

(2.13 )

Moreover, from Eg. (2.5), we can write the mass flux of species i in x-direction

caused by diffusion as

9



. ay
111.\ = -jJDil/l'-'ax

and in y-direction

111 = -pD aY,
\' Iml ":\. uy

(2.14)

(2.15)

The specific heat and enthalpy of the mixture are determined from the following

expressIOns.
11.1"

CI' = LY,CI"
j=j

11.\

C = LY,I1,
i=j

Where Cp; and hi are the specific heat and enthalpy of the i-th species.

(2.16)

(2.17)

The value of Cp; and hi are considered as functions of temperature and

determined from the polynomial curve fitting developed by Moss [20]. They are

as follows:

(2.18)

(2.19)

Where ali. a2i. a3i. a4;. Cl.,; & C/oi are constants for different species. The

coefficients for these curve fits are found in Table 2.1. Two sets of coefficients

are available in Table 2.1 of which one for temperature range O-IOOOK. the other

set for 1000-SOOOK.

10



2.2 Calculation of Temperature

Temperature at various grid points is calculated by Newton-Raphson method. By

rearranging Eq. (2.3), a relation for temperature can be expressed as

Substituting the value of h, from Eq. (2.19), Eq. (2.20) can be written as

F(T) = bo + biT + b,T' + bJT3 + b4T
4 + b,T'

Where the coefficients are

(2.20)

(2.21)

1 liS

b, = - ~ p.R.a,.- 2 L...J I I -,
j=[

1 1/.\'

b4 = - ~ p.R.a4.
4L..J I I I

i=1

11.\' 11.1'

bl = LP,R,al, - LP,R,
i=l i-I

1 11.1'

b,.= - ~ p.R.al'. 3L..J, I ,I

i=l

1 IlS

b, =-~p Ka,.. 5~ I I I

. j=]

(2.22)

Differentiating Eq. (2.20) with respect to T, we get

F(T) = bi + 2b2T + 3b3r + 4b4T1+ 5bsT'

Then the temperature is calculated by the following equation:

(2.23)

T =T
1I{'Il' "Id

(2.24 )

The calculation of Eq. (2.24) is repeated until it fulfils the criterion for the

temperature T""".. The criterion for this calculation is I(T""", - Tn"') I< J .0.

J I



2.3 TranspOl.t Coefficients

Molecular Viscosity Calculation

The molecular viscosity coefficient, ,Lti is calculated using Sutherland's law [21]

as

p, _( T )1.5 To +S
-- - ~--
Po To T+S

(2.25)

This formula is applicable for single component gas only. For the cases of

interest in which hydrogen and air are present, Wilke's formulation [22] was used

to calculated the mixture viscosities.

The molecular viscosity of multi-component gases mixture evaluated by the

Wilke's law as

ns
_" Zi/..I)

f.L1 - L. ns
i-l"- L.Z j<Pij

j=l

(2.26)

[1.0 + (p.1 p. )0' (W IW )025]'
Where r/J. = 'J J 05 ' ., Zi and Zj are the mole fractions of i-th

'J (S+SW,IW)'

and j-th species, respectively. S is the Sutherland constant, while ,Lto, and To are

the reference values taking from i'eference [5], are also tabulated in Table 2.2.

Molecular Thermal Conductivity

The molecular thermal conductivity K; is calculated using Sutherland s law as

(2.27)
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When multi-component gases are present, Wassiljewa's equation for the thermal

conductivity is used as

K _ ~ ._K_i _
I - L. 1 ns-]

1=1 1+ - " A- z .z. L. I) ]
1 j=l

joloi

(2.28)

Where AU = 1.065 I/Ju, Zi and Zj are the mole fractions, while Ko is the reference

value tabulated in Table 2.2. This formula differs from Wilke's formula for

mixture viscosities only a constant.

Molecular Diffusion

Diffusion is treated by means ofFick's law [19]

(2.29)

The molecular binary-diffusion coefficient for each species, Du is determined
from the empirical formula given by Chapman-Cowling [21] as

Where

Dij =
( J

o.,
w+w0.001858T1.5 , ) x 10-'
Wi Wj

P (J'i~QD

(2.30)

,
_ [I..-]-0.'4' (I..- J-"OQD - + .. +0.5

Ttl 7 ~'i

T .. = (T T )0"
Flj FI ~7

T = absolute temperature (K)
Tn' Tfj = the effective temperatures of each species respectively
p = pressure (atm)
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(2.32)

(2.33)
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Value of the effective temperature T'i and effective collision diameter; CT, of i-th

species are taken from references [23], and [24] are also tabulated in Table 2.2.

Using the value of binary diffusion coefficient, the effective molecular diffusion

coefficient for each species is determined by the following formula 1.23]

I-Z
D = '

III/I 11,,-_1

LZj/ Du
;=1
;"-i

3.4 Numerical Scheme

(3.34 )

The system of governing equation is solved, using an explicit Harten- Yee Non-

MUSCL Modified-flux-type TVD (Total Variational Diminishing) scheme [25].

The scheme is second order accurate in time and space. Sutherland formula,

Wilke's formula, Chapman-Cowling formula are used to calculate the transport

coefficients. The Two-Dimensional, rectangular physical coordinate system (x. y)

is transformed into the computational coordinate system (~ 17) in orderto solve

the problem on uniform grids. After applying the transformation, Eq. (2.1) can be

expressed as:

A 1\ 1\ A 1\

au aF aG aF, aG,-+-+-=--+--.
at ac; al] ac; al7

Where

A A A

u=J-lu. F=rl({J+c;,G). G=rl(17,F+71yG)

(2.35)

F, = rl ( C;,F,. +<? G,. ).
A

G,. = J -I ( I),F,. + I),G, ). (2.36)

The transformation Jacobian J and grid metric terms are.
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(2.37)

For the left hand side of Eq. (2.35), the explicit Non-MUSeL TVD scheme can

be wri tten as

A 11+1 A II I'J.t [A II A " : I'J.t [A" A " ]
Vi.} =Vi.}-Ji.} I'J.!; Fi+1/2,}-Fi-I/2,} -Ji,} 1'177 Gi,}+II2-Gi,}-1I2 (2.38)

Where J is the Jacobian in transforming the coordinations from a physical

domain (x, y) to a computational domain ( !;, 77),

A A A

.The variables F and G are described using an artificial viscosity <P,

(2.39)

A A
The R 1+1/2 is an eigen vector matrix and <P1+1/2 is a vector with the elements <1>11+1/2

(l = I, 2, 3,4, 5). The variables used in the above equations are

<1,i+1/2=F/ i+I/2 }=f{a~ i+I/21;/ i+1+ gA/ iJ-\l{a

A

/ i+1I2+;/ i+1I2F/ i+I/2};

1= 1-5. (2.40)

(2.41 )

(2.42)
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bi is a function that defines the range of entropy correction. and should be a

function of the contravariant velocity and the corresponding sound speed for the

computations. The form of the function used here is

(2.43)

With a constant 15 set to 0.15. More details about the scheme can be found III

Yee [25].

The minmod limiter, simplified form of which can be found in Yee [25], was

used to avoid the numerical oscillations at the discontinuity. Among the various

approximate Riemann solvers, we used the Roe's average, which is the most.

common one due to its sImplicity and ability to return to the exact solution

whenever the variables lie on a shock or contact discontinuity.

The time step for calculation is determined by

A = eFL
uf I . I

max {lUi + IVI + at,;; + ,;,,), + c(ry; + 71;)' I

The contravariant velocities are

U=!;,u+,;,.v, V=7Z,U+71,v

(2.44)

(2.45)

The courant-friedrichs-Iewy, CFL number is kept as high as possible toward

unity for the near steady flow, but is set to as low as 0.01 at the beginning of

calculation because of unstableness. Here the CFL number is chosen as 0.9 to

obtain rapid convergence and avoid unsteadiness in calculation.
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3.5 Boundary Conditions and Convergence Criterion

A stream of air enters in the calculation domain from the left-bottom boundary

and a stream of hydrogen enters from the left-upper boundary. The resultant

velocities of hydrogen (u,) and air (U2) are shown in Fig. 3.1 (a). For hydrogen

flow, the velocity, u,cos(a/2) is set for x-direction and velocity u,sin(a/2) is set

for reverse of y-direction. Similarly for air flow, the velocity, u2cos(a/2) is set for

x-direction and velocity, u2sin(a/2) is set for y-direction. Between two inlet

streams there is a finite-thickness base. The flow domain is assumed to be open

in the right side. The Navier-Stokes analysis imposes that the normal and

tangential velocity component are zero on the walls. The upper and lower walls,

and base wall are assumed to be thermally adiabatic so that the normal derivation

of temperature must vanish giving caT / anL = O. The normal derivation of

species mass fraction must also vanish, and consequently the gradient of total

density becomes zero along the adiabatic wall. The pressure is calculated from

the equation of state. The temperature, pressure and density at inflow boundary

are assured steady. At the outflow boundary the variable are determined by first-

order extrapolation. Throughout the present study, the following convergence

criterion has been set on the variation of density:

JJ KK [ J'I PIII'II". - Po/d

)=1 K=I fJofd

JJ.KK
(2.46)

Where JJ and KK are the total numbers of nodes 111 the horizontal and vertical

directions respectively

2.6 Use of Turbulence Model

A zero-equation algebraic turbulence model developed by Baldwin and Lomax

[26] is used to simulate boundary layer separation, recirculation and shock-

expansion regions near the injector. The model is patterned with modifications
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Y> Y''I'IJ,'SIII'el

(2.47)

Where y is the normal distance from the wall and y","OSSO""," is the smallest value of

y at which the value of viscosity in the outer region becomes less than or equal to

the value of viscosity in the inner region.

The viscosity in the inner region is given by

The mixing length in the inner region l is expressed as

l = ky [I - ex p(- y + I A + j

Where

+ Pl1,ur y ~yy =--- ---~
PII' Jill'

For two-dimensional flow, the magnitude of the vorticity is given by

For the outer region,

Where K is the Clauser constant, Ccp an additional constant, and

18

(2.48)

(2.49)

(2.50)

(2.5 I)

(2.52)
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(2.53)

Here Fma.,. is the maximum value of the function

(2.54 )

at each y station in the flow domain, and Yma.,. is the Y coordinate at which this

maXimum occurs. The function FKLElly) is the Klebanoff intermittency factor

given by

[ (

CKLEll y)6]-1
FKLEll(y)= 1+5.5 ~

Ymax

(2.55)

(2.56)

Ud;j is the difference between the magnitude of the maximum and minimum total

velocity in the profile at a fixed x station, expressed as

Udif = ()1I2 +1'2) _()1I2 +1'2) .
max mm

Where (~U2 + ,,2 ) is taken to be zero along all x station.

The outer formulation (Egs. 2.52 and 2.53) can be used in wakes as well as in

attached and separated boundary layer. The product YmaxFmax replaces 8"'uc in the

Clauser formulation and the combination Y","xU';;{IFm" replaces 8UdU. in a wake

formulation. In effect, the distribution of vorticity is used to determine length

scales so that the necessity for finding the outer edge of the boundary layer is

removed.

The following are the constants used for this model and are directly taken frolll

Baldwin and Lomax [26]:

Ccp = 1.6. CKLEB = 0.3,A+ = 26.

Ck = 0.25. k = 0.4. K = 0.0168

The values of the turbulent thermal conductivity of the mixture K, and turbulent

diffusion coefficient of i-th species D;, are obtained from eddy viscosity
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coefficient II, by assuming a constant turbulent PrandtJ and Lewis number equal

to 0.91 and 1.0, respectively. They can be expressed as

The final values of ,/.I, Kand D;m used in the governing equations are

P = P, + P,
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CHAPTER-III

RESULT AND DISCUSSION

3.1 Intl'Oduction

A numerical study on flow field behind a finite-thickness base in two non-

parallel streams o~ hydrogen and air stream has been performed by solving

Two-Dimensional Navier-Stokes equations. An explicit Harten- Yee Non-

MUSCL Modified-1lux-type TVD scheme has been used to solve the system

of equations, and a zero-equation algebraic turbulence model to calculate the

eddy viscosity coefficient. The object of this investigation is to study the

characteristics of the 1lowfield, mixing efficiency and 1lame holding

capability of a supersonic combustor. The performance of combustor has been

evaluated by varying (i) merging angle of two streams (ii) height of the base

thickness between two streams.

3.2 Flow Field Description and Numerical Pammeter

The geometric configuration of the calculation domain and the inlet condition

of two non-parallel streams is shown in Fig. 3.1 (a). The calculation domain is

0.1 m long and 0.04 m wide. The inlet stream widths used here are 0.0 15 and

0.0] 25 m. When the width of the stream is 0.015 m, the height of the base

thickness is OJ)] m and when the width of the stream is 0.0] 25 m, the height

of the base thickness is 0.0] 5 m. The lower part of the left wall is allowed to

enter air in the domain. having a Mach number of 2.5 and the uppel' pari of the

left wall is allowed to enter hydrogen in the domain. having a Mach numbel'

0.9. The flow domain is assumed to bc open in thc right. Thc uppcr ,tnd 1()\\L'i"

boundaries are confined by adiabatic walls. In the present study. the variable

parameters are merging angle of the streams and height of the base. All the

numerical values of the variable parameters are shown in the Table 3.1. The

Mach numbers are used supersonic for air and subsonic for hydrogen stream ..
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The Mach number 2.5 is chosen for the all' stream as the computational

simulation have been performed over the Mach number range [17] from 0.5 to

4.5 and 0.9 for hydrogen stream it is as the Mach number range from 0.14 to

1.28. Some features of this kind of f10wfield are shown in Fig. 3.1 (b). It

predicts the expansion at the separation points, formation of a recirculating

regions bounded by two shear-layer mixing regions, recompression and

reattachment shock, and boundary layer and shear layer. The grid system

consists of 142 nodes in the longitudinal direction and 101 nodes in the

transverse direction. The grid system of the solution domain is shown in Fig.

3.1 (c). The grid points around the left wall and behind the base are clustered.

Results of these varying parameters are to be analyzed and discussed under

the following contexts (i) the physics of fluid dynamics in two streams (ii)

mixing of hydrogen and (iii) the characteristics of the flowfield.

3.3 Effect of Merging Angle

3.3.1 The Physics Of Fluid Dynamics

Figs. 3.2 (a-e) show the velocity vectors of the physical model. Direction of

arrow indicates the flow direction and arrow length indicates the magnitude of

velocity. The expansion, separation, recompression and reattachment region

can be observed by these figures. The velocity vectors indicate that the flows

expand sharply at base corner. Due to the base, hydrogen and air flows expand

behind the base and forms a separation region. Both hydrogen and air flows

move to each other and strike behind base at about 0.02 m from the bottom

wall. After striking hydrogen flow deflects upward and airflow deflects

dO\vnward sharply. Again these flows strike the upper and lower walls and

then reflect. There is a pair of recirculation region moving in opposite

direction behind the base. The upper recirculation rotates clockwise while the

lower recirculation rotates counterclockwise. The maximum negative velocity

in recirculations is lower than the inlet velocity of hydrogen or air. The flows

expand sharply around the base and higher interaction occurs with the low

velocity regions of both shear layers [3]. The strength of the interaction can be
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understood from the slop of vectors at expansion region. For the two

recirculations moving in opposite directions, hydrogen mixes with air and

provides a mixing region [4]. The recirculations increase the mixing shear

layer and cause penetration of hydrogen in air, resulting in higher mixing. Due

to interaction between two streams, the velocity of the stream is slowed down

and both hydrogen and air enter in recirculating region. Again by diffusion

and convection, hydrogen enters into the recirculation region and mixes with

air [5]. So recirculation plays a vital role on the mixing. Individually, in Fig.

3.2 (a) for case- I, the velocity vectors clearly show that hydrogen and air

expand behind the base creating a separation flow region. The hydrogen

stream has a freestream velocity of 1530 m/s before separation and expands

sharply downward around the corner of the base to flow angle of approximate

_31.50 (relative to the freestream). The air stream moves at a velocity of I 121

m/s before separation and then expands upward around the corner of the base

at an angle of approximately 14° (relative to the freestream). The shear layer

mixing regions spread with longitudinal distance until impingement occurs

approximately 1.8 base height downstream of separation at x = 0.0 18m,

where the recirculation region ends (no negative streamwise velocity) and

recovery of the wake deficit begins. The turbulent mixing, which occurs

throughout the recompression and reattachment region quickly effects

elimination of the velocity deficit. Figs. 3.2 (a) shows that due to the small

merging angle, very weak interaction as well as penetration is occurred and

consequently mixing is low. In Fig. 3.2 (a-e), merging angle affects the

expanded angle both air and hydrogen at the base corner, shear-layer mixing

and length of the recirculation regions. For cases (1-5), the downward and

upward relative expanded angles at the base corner decrease with the increase

of merging angle. The impingement point distance from the left wall

decreases with the increase of merging angle, which indicates smaller

recirculation zones. For example, in Fig. 3.2 (b) for case-2 the upper and

lower expanded angle (relatively) at base corner are approximately -20.5" and

100 (respectively), which are smaller than case-I. The shear layer mixing

regions spread with longitudinal distance until impingement occurs at
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approximately x = 0.013 m, which is shorter than case-I. So the area of

recirculating zones in case-2 are smaller than case-I.

Figs. 3.3 (a-d) show the velocity (magnitude) profiles at different x-location

along the vertical axis. The resultant velocity is calculated by using u- and v-

velocities. These figures only indicate the magnitude of velocity 111 various

location along the vertical axis, y. These profiles are obtained at four x-

locations chosen to examine distinctly different regions of the flowfield: x =

0.005 m where separated shear layers and reciculations are present, x = 0.015

m near the impingement region and interaction region, x = 0.03 and x = 0.05

m at far downstream region. These Figures show the patent of the velocity

profiles and magnitude of velocities in the flowfield. Fig. 3.3 (a) shows that

the velocity in recirculating regions is lower. The velocity at impingement

point is almost zero as shown inFig. 3.3 (b). Figs. 3.3 (c-d) show the velocity

profile of the shear layer region and wall boundary layers. The boundary

layers of lower wall are thicker than that of upper wall. These Figures also

show that the velocity of hydrogen is very high due to the pressure gradient

along the flow [18]. In Fig 3.3 (c), the bottom wall boundary layer rapidly

becomes thick due to very small separated region. To see the strength of

recirculation and magnitude of the negative velocity, lengthwise velocity

profiles, non-dimensionalized by the freestream velocity (ul=I530 m/s) of

hydrogen are shown in Fig. 3.4 (a). Only case-l and case-2 are discussed for

these type of profiles. The dashed line at x value represents the streamwise

location of the traverse and the u/u, = 0 plane for that set of data. The series of

profiles indicate the large negative velocities occurring in recirculating region

and the recovery of the velocity defect with downstream distance. The

spreading of velocity profiles in each shear layers are very sharp at the x =
0.0025 m. The transverse velocity profiles, non-dimensionalized by the

freestream velocity (u[=1530 m/s) of hydrogen, are shown in Fig. 3.4 (b). The

large values of vlul occurring for the upper stream indicate the strong

expansion.
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3.3.2 Mixing of Hydrogen

Figs. 3.5 (a-e) show the penetration and mass concentration of hydrogen in

the flow field. The concentration ratio contour allows the growth of the

mixing layer clearly. As can be seen Figs. 3.5 (a-e), the mixing layers grow

along the flow direction. Penetration and mixing of hydrogen in air can occur

by means of (i) weak interaction between two steams (ii) turbulence and

convection due to recirculation and velocity of the flow and (iii) molecular

diffusion [5]. The downward hydrogen flow and upward airflow interact and

mix due to vertical entrainment and molecular diffusion. Due to weak

interaction, low gradient of hydrogen mass concentration exists causing weak

penetration of hydrogen. For all cases (1-5), the mole fraction contours of

hydrogen are concentrated in narrow region. Mole fraction contours show that

the mixing shear-layer is relatively narrow in width at interaction region of

hydrogen and air. The width of the mixing layer is defined as the length from

the location of 5% to that of 100% concentration ratio of hydrogen. The

mixing shear-layer width increases almost monotonously with the x-direction.

The width of mixing layer at far downstream increases with merging angle.

As the lower flow is air and upper flow is hydrogen, the significant density

gradient (the density of air and hydrogen is 1.05 and 0.194 Kg/m3
,

respectively) exists at the interface and hydrogen mixes with air in one region

at the upper flow of air. In this work, there is a pair of recirculation regions

behind the base discussed separately. Out of two recirculation regions, the

upper recirculation contains high concentration of hydrogen (mole fraction is

about 0.85-0.95) due to the convection and strong expanded flow of

hydrogen. On the other hand, in lower recirculation region hydrogen mixes

with air by convection and diffusion process. This region contains better

proportion of hydrogen and air (mole fraction is about 0.65 - 0.85). which is

capable of burning. Throughout the mixing shear-layer. most of the mixing

occurs by diffusion due to density gradient between air and hydrogen flows.

To clarify the concept of the flame holding, the effects of recirculation zone are

discussed. A good understanding of flame holding is obtained basically
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through the Damkohler number, which is defined as the ratio of residence

time to the flow to the reaction time needed for complete combustion. Flame

holding requires that throughout the whole burning range of the flame the

residence time must always be larger than the reaction time. The residence

time strongly depends on the geometric expansion of the recirculation zone. A

longer recirculation zone results in a larger residence time and leads to a more

stable flame [4]. Due to higher interaction for large merging angle, higher

gradient of hydrogen mass concentration exists causing higher penetration of

hydrogen, and due to small merging angle, large and elongated downstream

recirculations cause better penetration dominated by convection and diffusion.

Most of the reciculations contain hydrogen. For large merging angle, most of

the recirculations contain high concentration of hydrogen. It can be pointed

out that the equivalence ratio of fuel and oxidizer in mixture is an important

factor for burning because along the mixture, the stoichiometric mixture

strength is good for combustion. Therefore, longer recirculation zone

containing good stoichiometric mixture strength results in a longer residence

time and leads to a more stable flame. Case-l having merging angle 10° can

produce larger and elongated recirculations, where the lower recirculation

contains better proportion of hydrogen and oxygen (mole fraction of hydrogen

is about 0.65 - 0.85). Therefore, flame holding capability is better than other

cases.

However, The larger reciculating regIOn does not mean higher mIxIng

efficiency. The performance of different cases is evaluated by calculating

mixing efficiency. Fig. 3.6 (a) shows mixing efficiency along the length of

physical model for different cases.

Mathematically, the mixing efficiency is defined by

77m =

Where,
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A = arbitrary section plane

fH = local mass fraction of hydrogen

p= total density

~
II = velocity vector

d A = small area normal to velocity vector

11lH = total mass flux of hydrogen

",' I I . I . {0.25 t/J < 0.25
'I-' = oca eqUlva ence ratIO = '"

'I-' t/J' 20,25

{
0,25

<1>=global equivalence ratio = <1>
<P< 0,25
<P2 0,25

In the flow field where large amount of hydrogen is present with negligible

amount of oxygen, the calculation of mixing efficiency is avoided by dividing

the large value of t/J', On the other hand, where a very small amount of

hydrogen is present, an error in calculation of mixing efficiency can be

occurred by the small value of t/J'.' This error has been eliminated by setting

the minimum value of t/J' = 0,25 which corresponds to the lower flammability

limit. It can be pointed out that similar expression for mixing efficiency was

used by Yokota et al. [27-28]. In this investigation the global equivalence

ratio for all cases is <1>=8.75,Fig, 3,6 (a) shows that for all cases the mixing

efficiency increases sharply just behind the base due to strong expansion of

the flows around the base corner and recirculations, Generally, in recirculation

region, the increment of mixing is high and then it is slow, The increasing rate

of mixing is very slow at far downstream because of the supersonic nature of

flow [I, 17], Individually. case.1 starts with the lowest mixing efficiency and

has the highest increment of mixing efficiency near the base. The overall

ITIlxmg efficiency at the outflow boundary is lowest among the cases

considered, By comparing all the cases. it can be observed that the mixing

efficiency in recirculation regions as well as the overall mixing efficiency at

the outflow boundary increases with increasing merging angle up to 40() and

then decreases, The effect of merging angle on overall mixing efficiency is

shown Fig, 3,6 (b) for cases (1-5), In this figure mixing efficiency is plotted
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against the merging angle. The mixing efficiency sharply increases to 40°. But

the figure shows that the increasing rate of mixing efficiency with the merging

angle up to 40° is slower than the decreasing rate after 40°.

3.3.3 Charactel"istics of the Flow Field

The characteristics of the flow field are shown in Figs. 3.7 (a-e), 3.8 (a-d),

3.9 and 3.10 (a-e). Pressure contour is useful for visualizing expansion,

recompression and reattachment shocks and waves in the flowfield. Figs. 3.7

(a-e) show pressure contours by which the pressure distribution and different

shocks in whole domain can be understood. The expansion shock from the

base corner, and the recompression shock forming downstream of expansion

shock are clearly seen. Entering into the flowfield, the hydrogen and airflows

interact after recirculation region, hydrogen flow is deflected upward, and

airflow is defected downward. These deflections indicate the recompression

shock and redevelopment zones, which are clearly seen in these figures. This

recompression shock strikes the wall and reflects. These deflections form a

number of reattachment and recompression shock in far downstream. The

deflection angles of upper shocks are larger than lower shocks. The

recompression zone moves toward the left wall with the increase of merging

angle. The recompression shock becomes stronger with the increase of

merging angle. Figs. 3.7 (a-e) also show that the recirculation region behind

the base is low-pressure region. This low-pressure region tends to be an area

of constant pressure with increasing merging angle. The maximum pressure in

Fig. 3.7 is about 758.6 kPa and occurs near the exit of the hydrogen stream.

Figs. 3.8 (a-d) show the pressure distribution along the vertical axis at 0.005,

0.015, 0.03 and 0.05 m from the left wall. For all cases (1-5), Fig. 3.8 (a)

shows the pressure distributions in the recirculating region. This figure

indicates that the pressure in reciculating region is low and this pressure for

case-1 is lower than that of other cases. But the pressures in this region for

cases (4-5) are high due to early formation of recompression. So it can be

foretold that the pressure in recirculating region increases with merging angle.
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The strong pressure rIse occurs. at recompression and impingement regIOn

shown in Fig. 3.8 (b). The pressure of that location increases with merging

angle. However, the pressure in the flowfield after the redevelopment region

decreases with the increase of merging angle shown in Figs. 3.8 (c) and 3.8

(d). The pressure at different region such as the recirculation, recompression,

redevelopment and reattachment process can be clearly seen by the profile of

static pressure along a centerline extending downstream from the vertical

center of the thickness base shown in Fig 3.9. The static pressure is non-

dimensionalized by the inlet pressure of air (0.15 MPa) and the streamwise

distance is non-dimensionalized by the value of thickness base height (h=

.0.001 m). Fig. 3.9 indicates the lower pressure existing in the recirculating

region just downstream of the base and the strong pressure rise which occurs

during the recompression and impingement process for the two shear layers.

When the merging angle is small, the pressure in recirculating region

decreases sharply. However, the pressure in reciculation region tends to

become constant with the increase of merging angle. The Fig. 3.8 also shows

that the base pressure and the maximum pressure in recompression and

redevelopment region increase with merging angle. The maximum pressure in

recompression and redevelopment region for cases 1 and 2 are about 274 kPa

and 343.5 kPa respectively. The maximum pressure rise of P/P,ef. indicates the

strong mixing and diffusionlike processes occurring in the recirculation

regions because the diffusion. of hydrogen IS inversely proportional with

pressure distribution. So low pressure indicates higher diffusion and higher

diffusion means better mixing in recirculation region. The distance of the

highest value of PIP,cf. decreases with the increase of merging angle, which

indicates that recompression region moves toward the left wall. Far away

from the left wall, the centerline pressure profile shows low pressure and

wavy nature with small amplitude due to the number of weak recompression

and reattachment shock.

Figs. 3.10 (a-e) show temperature contours, which are useful for visualizing

shear layer in the flowfield. The mixing shear layer initially is thin and then

moderate due to recirculation. The maximum temperature rises about 1160K
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at near the walls due to the adiabatic wall. The high pressure and temperature

are obtained in recompression and redevelopment region. The maximum

temperature in this region for case-I and 2 are 1062K and 1157K respectively.

3.4 Effect of Base Thickness

3.4.1 The Physics of Fluid Dynamics

Figs. 3.11 (a-c) for cases (6-8) show the velocity vector of the physical

model. Direction of arrow indicates the flow direction and arrow length

indicates the magnitude of velocity. There is a pair of large and elongated

recirculation, just behind of the base. Upper recirculation rotates clockwise

and lower recirculation rotates counterclockwise. The vector indicates that the

velocity in recirculating region is low and it is also lower than that of cases

(1-5). The area of the recirculating zones is larger and elongated than that of

cases (1-5). For the higher thickness base, larger and elongated recirculations

are formed due to wide space [6]. The flows expand sharply around the base

corners to match pressure gradient. Weak interaction occurs between air and

hydrogen flows due to expand of the flows significantly and form a larger

recirculation region. The interaction between air and hydrogen flows increase

with the increase of merging angle. The strength of interaction can be

understood from the slope of vectors at interaction region. For long distance

between two flows, both air and hydrogen flows lose their strength due to

viscous action and recirculation. Due to the interaction, the velocities of air

and hydrogen flows are slowed down and both hydrogen and air enter into the

recirculations. Again with the two recirculations moving in opposite direction.

hydrogen mixes with the air and provides a mixing region. The recirculations .

increase the mixing shear layer and cause the penetration, resulting in higher

mixing. By diffusion and convection process, hydrogen also enters into the

recirculating region and mixes. So recirculation plays a vital role on the

mlxlllg.
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Figs. 3.11 (a-c) also predict expansion, recompression and reattachment of

the shear layer. The expansion, recompression, and reattachment are more

clearly observed in upper side of the flowfield because of higher velocity

vectors of hydrogen. The movement of the velocity vectors is discussed

earlier. An additional separation region, small in area, is appeared near the

bottom wall at approximately O.OOS m from left wall but it has no contribution

on mixing. This separation region increases with merging angle. Individually,

Fig. 3.11 (a) for case-6 shows the separation flows from the base, with

resulting large separated flow region. The shear-layer mixing regions spread

along lengthwise distance until impingement occurs approximately at x =

0.021 m, where the recirculation ends. This Figure also shows that the upper

stream expands sharply downward around the corner of the base to a flow

angle of approximately -23.So(relative to freestream) and. lower stream

expands sharply upward at the corner of the base a flow angle of

approximately ISO (relative to freestream). The distance of the impingement

point for case-7 is 1.8 from the left wall shown in Fig. 3.11 (b). Figs. 3.12 (a-

d) show the resultant velocity profiles along the vertical axis at O.OOS, 0.019,

0.03 and 0.05 m from left wall. These Figures show the patent of the velocity

profiles and magnitude of velocities in the flowfield. The boundary layers of

bottom wall are thicker than that of upper wall. These Figures also show that

the velocity of hydrogen (downstream of the flowfield) is very high due to the

pressure gradient along the flow [18]. Fig. 3.12 (a) shows that the velocity is

low in the recirculating region. Fig. 3.12 (b) indicates that the velocity in

impingement point is about zero. Figs. 3.12 (c-d) show the velocity profile of

the shear layer region and wall boundary layer at far downstream. In Fig 3. 12

(d), the boundary layer of bottom wall rapidly become thick due to separated

region. In Fig. 3.13 (a) lengthwise velocity profiles, non-dimensionalized by

the freestream velocity (u]=IS30 m/s) of hydrogen, show strength of

recirculation and magnitude of the reverse flow. Only case-6 and case-8 are

discussed for these types of profiles. The series of profiles indicate the large

negative velocities occurring in recirculating region and the recovery of the

velocity defect with downstream distance. The transverse mean velocity

profiles, non-dimensionalized by the freestream velocity (uj=IS30 m/s) of
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hydrogen, are shown in fig. 3. I3 (b). The large values of vlul occurring for the

upper stream indicate the strong expansion. By comparing between Fig. 3.4

(b) and Fig. 3.13 (b) it can be pointed out that the expansion at x = 0.0025 m is

stronger when the base thickness is 0.015 m.

3.4.2 Mixing of Hydrogen

Figs. 3.14 (a-c) show the penetration and mass concentration of hydrogen in

the flow field. With increase the height of base the recirculation regions

behind the base also become large discussed previously. The flows expand

sharply due to wide space around the corner of base, which cause the strong

interaction. But the interaction between air and hydrogen flows is weak. So it

is pointed out that (i) due to weak interaction of the flows, small gradient of

hydrogen mass concentration exists causing low penetration of hydrogen and

(ii) larger and elongated recirculations cause high penetration dominated by

convection and diffusion in recirculation. Figs. 3.14 (a-c), Mole fraction

contours of hydrogen show that the mixing shear-layer at interaction region of

hydrogen and air is relatively narrow in width. Mole fraction contours of

hydrogen are concentrated in this narrow region. Mixing shear-layer width has

been discussed earlier. The mass concentration of hydrogen in upper and

lower recirculating regIOn can be explained separately. The upper

recirculation contains high concentration of hydrogen (mole fraction is about

0.85 - 0.95) due to the convection, diffusion and expanded flow of hydrogen.

On the other hand, in lower recirculation region, hydrogen mixes with air by

convection and diffusion process. This region contains better proportion of

hydrogen and air (mole fraction is about 0.6 - 0.85), which is capable of

burning. Between two recirculations, upper recirculating region contains high

concentration of hydrogen for all case (6-8). Again, the flame holding requires

longer residence time of flame in the burning range and this residence time

strongly depends on the geometric expansion of the recirculation zone [4].

Also the equivalence ration of fuel and oxidizer in mixture is an important

factor for burning because among the mixture, the stoichiometric strength is

good for combustion. Therefore, longer recirculation zone containing
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stoichiometric mixture strength results in a longer residence time and leads to

a more stable flame. So cases (6-8) have the better flame holding capability

because they can produce larger and elongated recirculation. It can be point

out that mixing and flame holding capability for cases (6-8) are better than

that of cases (1-5) because of larger and elongated recirculation.

Fig. 3.15 (a) shows the mixing efficiency along the length of physical model

for cases (6-8). Mathematically, the mixing efficiency is defined earlier. Fig.

3.15 (a) shows that mixing efficiency increases very sharply just behind the

base. Generally, in the recirculation region, the increasing rate of mixing is

high and then it is slow in downstream because of supersonic nature of flow.

By comparing it can be observed that the mixing efficiency in recirculation

regions as well as the overall mixing efficiency at the outflow boundary

increases with increasing merging angle. For example, the overall mixing

efficiency for cases 6, 7 & 8 are 36.92, 38.09 & 40.37% respectively. The

effect of merging angle on overall mixing efficiency is shown Fig. 3.15 (b) for

cases (6-8). In this figure mixing efficiency is plotted against the merging

angle. The figure shows that the mixing efficiency at outflow boundary

increases with merging angle. Fig. 3.15 (c) shows the comparison of mixing

efficiencies between the base height 0.01 and 0.015 m for merging angles 10°,

20° and 40°. Figure shows that the mixing efficiency at the same merging

angle is high when the base height is high.

3.4.3 Characteristics of the Flow Field

The characteristics of the flowfield are shown in Figs. 3.16 (a-c). 3.17 (a-c).

3.18 and 3.19 (a-c). Pressure contour is useful for visualizing expansion.

recompression and reattachment shocks and waves in the flowfield. Figs.

3.16 (a-c) show pressure contours, by which the pressure distribution and

different shocks in the flowfield can be understood. The expansion shock

from the base corner, and the recompression shock forming downstream of

expansion shock are clearly seen by these figures. Figs. 3.16 (a~c) also show

that the recirculation region behind the base is low pressure region. This low-
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pressure region tends to be an area of constant with increasing merging angle.

The maximum pressure in fig. 3.16 is about 734 kPa and occurs near the exit

of the hydrogen stream.

Figs. 3.17 (a-d) show the pressure distribution along the vertical axis at 0.005,

0.019,0.03 and 0.05 m from the left wall. In Fig. 3.17 (a), the pressure profile

indicates that pressure is low in recirculation region. Figs. 3.17 (b-c) shows

that pressure is high in recompression and impingement region. As diffusion

of hydrogen is inversely proportional with pressure distribution so diffusion of

hydrogen is better in low pressure recirculating region. These figures also

indicate that the pressures in downstream region of flowfield are lower than

that of the cases (1-5). Fig. 3.18 shows the centerline pressure profiles for the

near-wake interaction region along the longitudinal axis at 0.02 m from the

bottom wall. The static pressure is non-dimensionalized by the inlet pressure

of air and streamwise distance is nondimensionalized by the value of 0.01 (h =

0.01 m). This figure indicates relatively low pressure existing in the

recirculation region just downstream of the base and the strong pressure rise,

which occurs during the recompression and impingement process for the two

shear layers. When the merging angle is small, the pressure in recirculating

region decreases sharply. However, the pressure in reciculation region tends

to become constant with the increase of merging angle. Fig. 3.18 also shows

that the base pressure and the maximum pressure in recompression and

redevelopment region increase with merging angle. The maximum pressure in

recompression and redevelopment region for cases 6 and 7 are about 259 kPa

and 270 kPa respectively. This figure also indicates that the pressures in

recompression and redevelopment region are lower than that of the cases

(1-5). Low pressure indicates higher diffusion and higher diffusion means

better mixing in recirculation region. The distance of the highest value of

P/Prcf decreases with the increase of merging angle, which indicates that

recompression region moves toward the left wall. Far away from the left wall,

the centerline pressure profile indicates low pressure and wavy nature due to

the number of weak recompression and reattachment shock. Figs. 3.19 (a-c)

show temperature contours, which are useful for visualizing shear layer in the
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f1owfield. The mlxmg shear layer initially is thin and then moderate due to

recirculation. The maximum temperature rises about 1160K at near the walls

due to the adiabatic wall. The maximum temperature in this region for case-6 .

and case-8 are about 1050K and 1060K.

35



CHAPTER-IV

CONCLUSION

4,1 Summal'y of the Study

The numerical result on .mixing of hydrogen in supersonic air stream separated

by a thickness base has been studied by solving Two- Dimensional Navier-

Stokes equations. A zero-equation turbulence model proposed by Baldwi nand

Lomax has been used to calculate the eddy viscosity coefficient. The ultimate

goal of this study is to observe the characteristics phenomena of the flow field,

mixing efficiency and flame holding capability. This study has been completed

by varying (i) Merging angle of two streams (ii) height of the thick base between

two streams.

In present investigation merging angle and base thickness are varied. For the base

thickness 0.0 I m, the merging angles 10°, 20°, 30°, 40° and 50° are considered

whereas for. base thickness 0.015 m, the merging angles 10°, 20" and 40° are

taken to study. The region of separated flow existing between two streams in

near-wake exhibits vigorous recirculation, reverse low velocity, and strong

interaction with the low-velocity regions of both shear layers. Out of two

recirculations, the lower recirculation region contains better proportion of

hydrogen and air. The flows expand sharply around the base and interactions

occur between flows and recirculations. Consequently. strong mixing occurs due

to penetration at the base. By varying merging angle. I have found that the

interaction between air and hydrogen flows increase with merging angle but the

area of reciculation region decreases. The increasing rate of mixing erficicl1cy

behind the base is high and then it is very slow. For 40° merging angle. the

mixing efficiency is high but the flame holding capability comparatively low. For

high merging angle (50''), both the mixing efficiency and flame holding
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capability are low. The pressure existing in the reciculation region is low, which

indicates that strong mixing and diffusion process occur in this region. The

mixing shear-layer width at outflow boundary increases with merging angle. For

small merging angle, the pressure in recirculating region initially decreases and

then increases. The pressure in this region becomes nearly constant with the

increase of merging angle. The base pressure and the maximum pressure II1

recompression and redevelopment region increase with merging angle.

Investigation shows that the pair of recirculation for 0.015 m base thickness IS

larger and more elongated than that of 0.01 m due to more wide space behind the

base. This larger and elongated recirculating region increases both the mixing

efficiency and flame holding capability. At the same merging angle, the mixing

shear-layer width at outflow boundary is thicker when the base thickness is high.

But the recompression shock is weaker for high base thickness.

4.2 Recommendation for Future Study

The efficient mixing of fuel with oxidizer is very important factor in a supersonic

combustor. But supersonic combustor faces many unsolved problems. To

overcome these problems, more investigations are required. In shear layer

mixing, mixing occurs only at the interface of the two flows. So the area of

mixing regions is very importan', for the mixing enhancement. In this study.

hydrogen can mix with airflow in one region (one interface) along the shear

layer. The area of the mixing regions can't be increase by increasing either

merging angle or base thickness. So a configuration will be found out so that

mlxlI1g can occur in two or more interfaces. Zero-equation model IS

mathematically the simplest because it requires no additional field equation and

contains only a few modeling COlblants. The two main limitations are (i) :lOt

suitable for complex separated flows and (ii) no account of convection and

diffusion of turbulence. So two-equation turbulence model is suggested to

overcome these difficulties. This is two-dimensional case. Three-dimensional

calculations are required for real tlowfield.
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Fig. 3.1 (a) Schematic with numerical parameters for varying the merging of air and hydrogen
streams (Merging angle. a=IOo. 20°,30°, 40° & 50°; Base thickness, h = 0.01 &0.0l5 m;
Inlet width. b = 0.0l5 & 0.0125 m)
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Fig. 3.1 (b) Detailed flowfield characteristics generated by the separation of two streams
behind a thickness base.
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Grid System of the Calculation Domain

Fig. 3.1 (c) Grid system of the calculation domain.
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Table 2.1 Coefficients of Thermodynamic Polynomials

Temperature range from 0-1000 K

Coefficients H2 O2 N2
al 0.33553514E+Ol 0.37837135E+Ol 0.37044177B+ 101

a2 0.50136144E-03 . -0.30233634E-02 -0.14218753E-02

U3 -0.23006908E-60 0.99492751E-05 0.28670392E-05

a4 -0.47905324E-09 -0.98189101E-08 -0. 12028885E-08

as 0.48522585E-12 0.33031825E-ll -0.3954677E-13

tl6 -0.10191626E+04 -0.10638107E+04 -0.10640795E+04

a7 -0.35477228E+04 0.36416345E+0 I 0.22336285E+0 1

Temperature range from 1000 -5000K

Coefficients Hz O2 Nz

al 0.30667095E-0 I 0.361221360+01 0.28532899E+0 1

a2 0.57473755E-03 0.74853166E-03 0.16022128E-02

a} 0.13938319E-07 -0. 19820647E-6 -0.62936893E-06

il4 -0.25483518E-I0 -0.33749008E-Ol 0.1l441022E-09

as 0.29098574E-14 -0.23907374E-14 -0.78057465E-14

a() -0.86547412E+03 -0.11978151E+04 -0.89008093E+04

il7 -0. 17798424E+0 1 0.367033075+01 0.63964897E+0 1

Table 2.2 Constants used in Transport Equations

Viscosity Thermal Molecular Diffusion

Species Till (K) Conductivity

DillX Si (K) Kill Si (K) W <Ji(A) TEl(K)

106 W/(m.k) gm/mol

kg/(m.s)

Hz 273 8.41 69.67 0.16273 166.67 2.0159 2.827 59.7

Air 273 17.16 110.06 0.02415 194.44 28.996 3.711 78.6

O2 273 19.19 138.89 0.0246

N2 273 16.63 106.63 0.0242 166.6
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Table 3.1 Calculation Summaries

Base thickness Inlet width Merging angle Identification of

(m) (m) (degree) Computed results

10 Case-I

20 Case-2

0.01 0.015 30 Case-3

40 Case-4

50 Case-5

10 Case-6

20 Case-7

0.015 0.0125 40 Case-8
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