INTERACTION OF A SHOCK WAVE WITH A RIGHT
ANGLED BEND IN TWO-PHASE FLOW
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ABSTRACT :

This papar describesthe prediction of the unst-
eady, gasesolid suspension, flow field resulting '
from the interaction of a shock wave with a right
. angled bend in two-dimensional cartesian or axisym-

metric cylindrical coordinates. The finit e-differe-
nce computationsl technique, which has been applied;
by previous investigators; to the unsteady flow of
a single phase ccmpreasibie media, has been modified
here to be applied to the asnalysis of suspension
flow. In the development of the numerical technique,
the solid phase properties are assumed to be contin-
uous fields, sincs the investigation is not concern-
ed with the behaviour of individual particles. Inte-
raction between the phases are incorporated into the
equations for the changes in the proparties of the
material occupying the cells. The solid particles
were found to have a significant effect on the beha-
viour of shock wave interaction with a 90° bend in
a shock tube. The results, for gas phase, were chec-
ked against the experimental results, obtained by
previous investigators, and a good agreement has
been obtained.

1. INTRODUCTION:

Unlike the case of single phase flow, no experi.
mental work has been published ami no analysis made
of interaction of a shock wave with bends in a gas =«
80114 suspsngsion flow shock tube. Very little has
been published concerned with theoretical studies of
the flow of gas-solid suspension around solid bodies,
(1-3] . Considering shock waves attached to a wedge
in a two phase flow and the problem of supersonic
flow of a gas containing particles past a wedge is
congidered, in some recent papers, by Probstein and
Fassio [4], Peddieson ard Lyu (5), Waldman and
: Rg%necke [é], Spurk and Gerber [ 7) and Morgenthaler

Problems involving the behaviour of interaction
of shock waves with bends in the previous work are
gtudied in the case of air flow only. Hence the
following literature survey is concerned with the
behaviour of interaction shock waves with bends in
air flow only. The study of pure gas shock wave
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interaction with corners has formed the main part of
the gas dynamic research programme in the achool of
‘mechanical engineering for some years ,[9 - 16). The
unsteady, two-dimensional flow field resulting from
the interaction of a moving planar shock wave with a
compression corner is determined by Kutler and
Shankar [9] . Their results of the numerical simula-
‘tion were qualitatively very similar to the experim-
ental results obtained by previous investigators.
Experimentalists [ 103,(113 and theoreticians[l2 - 16]
have been studying the problem of shock wave diffra-
ction, that 48, the deflection of a shock wave whose
normai path has been impeded by some obstacle. Skews
1171 described, in his experimental study, a two
dimensional interaction of shock waves having Mach
numbers of 1.5 , 2.0 and 2.5 with 60 , 90 and 12C
‘degrae bends in a rectangular duct. The influence of
the wall angle and shock Mach number were investiga-
ted photographically. He described also the bshaviour
of the reflected wave.

In spite of the above previous work, the phenom-
ena associasted with the interaction of a shock wave
in gas - s0lid suspension flow i3 not well understo-
od. All the previous work was concerned with air
flow only or two -~ phase flow around solid bodies .
Virtually no work has previously been published which
considers the effect of solid particles on the beha~
viour of interaction of shock waves with bends. Thus
this paper will describe, theoretically, the effect
of solid powders on the behaviow of interaction
shock waves with a 90° bend in a shock tuba.

Nomenclature:

a, ™= Mixture speed of sound.
cp = Particle drag coefficient.

cp,cv-.Specific heats of gas phase at constant pres-
sure and at constant volume.

€g ™= Solids specific heat

d = Particle diameter.

I = Specific internsl energy.

ibh = Coordinasts subscript of corner cell.
J = Coordinate subscript in r-direction.
J = Particle temperature lag.

Jb = Coordinate subscript of corner cell.
K = Particle velocity lag. . .

Kg = Therml conductivity of gas phase

m = mm-l (see Fig 1)

mm * Maximum coordinate subscript in r-direction.
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Shock Mach number.
~nn-1 (see Fig 1).

Maximum coordinate subscript in z-direction.
Thermodynamic pressura.

Radial coordinats

Gas constant

Particle Reynolds number.
Area, Egs. (16 and 17).
Time

&
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Tg Gas temperature.

To Stagnation temperaturs.
Tp Particle temperature .
u

Resultant gas velocity =‘F%+ ug
Resultant solids velocity =J;§$:—;€—
Vol = Cell vclume

Solids loading ratio (weight of solids/weight
of air).

1l ¢

Axial coordinate.

Particle phase volume fraction.

Gas density.

Particls material density.

Mass of particles per unit volume of mixture.
Particle to gas specific heat = cs/cp

= (Cell dimension {see Fig (2 , 3)).

= (Cell dimension (see Fig (2 , 3)}.

= Kinematic viscosity.
= Ratio of zas specific heats = cp/cv.

L\ gn'?n O S T I
x

Subseripts: :
x : Initial condition behind shock wave.
y ¢ Initial conditions ahead of shock wave.

2. Assumptions and Basic Equations:

The following assumptions will prevail throughout:

{1) The motion is two-dimensional and unsteady.

(2) The gzas follows the perfect gas laws, with const-
ant specific heatas. ‘

(3) The perticles are spherical, smooth, and of cons-
tant density and specific heat.

{4) Viscous fraction amd heat transfer due to the
velocity and temperature gradients in the direct-
ion of the flow are neglected. The only viscous
effact 18 the heat transfer between the phases by
convaction.
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(5) There is no masgss transfer between the flow and its
surroundings or between the two phases.

(6) The particles do not interact with sach other, and
their shape does not change during flight.

(7) Gravity ard other body forces ars negligible.

In a non-equilibrium gas-solid flow there always
exists a certain degree of lag between the gas and the
particles, which can be expressed in the form of part-
icle velocity and temperature lag paramsters K,J respe-
ectively, where;

K = v/u (1)
J = (Tg = Tp)/(TQ - Tg) : (2)

The conditions of tha gas phase at sach instant(t)
and position {z & r) are described by resultant gaes
velocity u and any two of the state variables P, f, Ty

and ap. The particles are characterized by V, Tp andé™.
The basic equations governing the flow are as fpllows:

Continuity equations

and

g’t\»%(nuz)af%(htur)-o (3)
R (v ) s (e v ) = 0 (4)

Overall momentum aquations:

2 2 2 2, ?p .

3t (T T 0t €vgde sz Y 0 savegg =0 (5)
? P ) 2 2,.79p

35T ($y upt € vl s...r(f X ul +~cfvr)+ 55 0 (6)

‘Overall energy squations
N . B ;
%’f ..[f.(f’u?g‘*%, ug)Y + ‘J'(csTp"% vi?]“* "?; [ruz(cPTS *

1.2 _— N -
-2 uﬁ)h‘l‘fz_( cs'rp«'-i_?a)] Q (7)

o

!

t

<

. 2 1 2, (e
[f(cv'fg+.]2-. ur)j‘vi- G"T(cs'rpi-z an-)} + 5—;[} ur(.cp'l'.g +
.2 )
+% ,,ur?Y +s‘v:!.(csTp+% vi)]- o {8
~-Equation of state
Cr o= ¥- g (9)
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Phase interactions:

Regardless of the mathematical model used to repr-
esent the suspension flow, its applicability obviously
depends on tha correct representation of the laws
governing the exchange of momentum and energy between
‘the phases. The equation_of motion for the particle

can be written as in [21] ;

X dv, 2 1 '
15% + V“S% + 5y - %“. T;E- Cp. £ «(u=v)|u-v|  (10)

~In the present investigation, an approximation to the
standard drag curve (C,o¢ R,S for a sphere was a dopt-
ed as in (18] as follows.

Cp ™= 24/Re .66 for Re< 0.1
Chp = (24 + 0.379Re  j/Re 0.1<Re< 500 (11)
c, - 2.63/Rao'26 500 < Re < 10C0
C, = Oukb Re » 100G

The’pafticle Reynolds number, Re, is defined as

Re = |u-v].dpy (12)

Heat transfer effects are represented by formulas
which give the dependence of the Nusselt number, Nu,

on the particle Revnolds number snd the Prandtl number,
Pr , of the gas, [18] .

C. G.
Nu = 2+ 0.459 R_S 55_‘_. Pr > (13)

The Prandtl number was assumaed to _be 0.7 over the
expected temperature range as in (18] .With assumptiong
analogous to those for the particle motion, the heat

balance between the gas and the particles is given ,as
in {21} ,-by: = -

2T T 3T €K N B .
P oy P s Py . u - .
5t Vs 3T ‘;:55 (T =Ty )

3. Computational technigue

The finite-=-difference computational technigue.used,
to solve the governing equtions (1) through (14), is
that described, for gas phase, by Gentry, et al. t19] .
This technique, which has been devaloped here for use
in suspengion flow, known as the Fluid-in-cell(FLIC)
method.
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3.1; The computational procedurs

The computational method (FLIC) may be drawn
as follows; ‘ ‘

1. The flow field is divided into a number of
repgions or cells which sre fixed in space.

2. The material comtained within a cell, both gas
and solid particles, is represented by a disc-
rete number of separate gas and solid mass
points.

3. The velocity of all the gas and solid mass
points in any cell is calculated after a time
interval using the equation of motion. This

equation includes the interactive force between
the phases.

L.  The energy equation, which also includes phase
interaction terms, is used to determine thes
inmt ernal energy of the gas and solid at the
end of the time step.

5. The total momentum and total energy of each
phase are then calculated.

6. A weipghted average velocity for each mass points
{ges & solid) is cbtained taking into account
the velocities in the neighbouring cell and
the distance from the cell boundary. The dista-
nce travelled by each mass point during tha
calculation time step is then determined.

7. The new location of all gas amd solid mass
points are examined to see whether they have
crossed over to & new call.

8. The mess, monentum and ensrgy of each cell are
now re-calculated amd naw average mss point
velocities determined on the basis of the new
total mass and total momentum.

9. The process is repeated.

3.2: The computing mesh.

The computing mesh is c¢alculated by the numeri

cal technique as follows :
nn and mn give the size of the mesh, including the

boundary cells, while ib and jb are the coordinates
of the corner cell, Fig.(l)}. When allowance is made
for the boundary cells it is easily seen that tha two
logs of the duct are (jb - 2) and (nn - ib - 1) cells
wide. The actualsizes can be found by multiplying
these widths by the cell dimensions. ,

Fig(l) showg also the boundary conditions, where
boundary 5 and 6 indicate open (continuative ouvtput)
or closed (reflective) boundaries, respectively .
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Boundary 3 is always considered to be open and bound-
aries 1,2 and 4 closed. In the calculation the cell
i3 chosen to be in cylindrical or cartesian coordina-
tes. For the cartesian case each c¢»ll of the mesh is
a right parallelepiped with dimensions { 6. x3 ;) and
of unit depth, Fig.(2). In eylindrical coordinates ,
Fig.(3), each cell is a torus of rectangular section
with inner and outer radii (j - 2) %, and (J - 1)8,

respectively, and width § ,. The volume of the cellr”
is then given by.

Vo, = znsi. 5.3 -1.5) (15)

ind the area of contact between cells (i,j) and(i+l,J)
s :

s®  « 2mMgc. (§ -1.5) (16)
J r :

The averags of the areas of contact between cell (i,]J)
. and cells (4,3j-1) and (i, 3j+1) is

s;‘ - 27§ . sz. (3 - ‘1.5) ' (‘17)

'3.3: Initial Flow Conditions :

The flowfield is initialised so that the shock
wave is situated at the corner (between cells ia and
ib), Fig.(l}. The input to the numerical calculation
has been chosen to correspond closely with accepted
experimental parameters. This input consists of the
ambient pressure and temperature, and the shock Mach
number (Py , T., Mg). Also required are the}xhysical
characterzsticg of gas and solid particles. According
to Mobbs, et al. [20) , the following relationships
are apply ; : . : :

Pressure ratio across thas shock

P 2N 2 N-1
xn«-—.—-—-M P —
F,°N+17s "W+
Density ratio across the shock
i LR L
fy 2+ (N K

Temperature ratic across the shock
2NMZ - (N-1)  2+(N-1) M2
‘;;E L (2 ( )) ik ) Mg)
Tey N +1 S (N 1) S
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Velocity ratio acress the shock

u, 2+ (N-l)vMZ
—— —3 —————-————g

2
Uy (N + 1 )m

Where, N is the index of expansion when the prop=-
ortion of solids by volume is not small (i.e. solids
volume is consid ered) '

N = _E
E-F
where
' = 1+ (1+XJ5) /(¥-1)
> = Qs/cp
Fo= XK1 vE) ke
1+ XK

The mixture spsed of sound is obtained by [20] as
follows; S

NR T 2
al = (1+€)% (B
m 1+ XK

4. Results and Discussion:

Fig (4) shows the shape of a Mach 1.5 shock wave
100 s after it leaves the open end of a cylindrical
shock tube, for pure air flow calculations. While Fig.
(5) shows a result for a suspension flow parameters,

X = 1.0 and polystyrene powder of 100 mictons particle
. diemeter. : ' : :

Fig.(6) shows the pressurse history 25 mm down -
stream of the mouth of the shock tube, on the axis of
symmetry for the first 150 ug of the problem time .
The results are for pure air (X = 0.0) and suspension
flow with different values of solids loading ratics ,
X. The results are correspomding to 1004 particle
diameter suspended in air. In Figs{4 , 5 and 6) the
shock tube diameter was 100 mm , the mesh was chosen

_.to . be 40 x 40 cells and boundaries 5 and 6, Fig.(l), -
were considered to be open. The cell is chosen to be
in cylindrical coordinates, Fig (3), with dimensions
calculated through the computer programme, § . was
found to be 3.57 x 10=3 m. (for 3b = 16) and § ; is
calculated so that the point where the pressure hist-
ory is required lies in the centre of a cell. The
smbient pgessu e and the absolute gas temperature are
0.82 x 102 N/m¢ and 293°k, respectively. The valuss
of veloecity lag k and particle thermal lag J were
chosen to be 0,98 and 0.95, respectively.
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From Fig.(6) it can be seen that, the pressures -
decreases, especially when the proplem time increases
as the s0lids loading ratio increases. This is due te
frictional effects throughout the flow and to ths :
pressnce of solid particles moviding an additional
preasure drop component through the mechanism of mome
entum exchange between the two phases and the additi.
onal turbulent energy produced in the flow. The come
bination of these effects causes the value of pressure
to be lowered as the solids loading ratio is increased,

Fig.(7) indicates the variation of ths gas and
particle temperature, at 25 mm down-stream of the mous
. th of the shock tube, against the problem time. The
results are for ths suspenaion flow conditions like
that in Fig (6). From these curves it can be seen that,
‘the gas temperaturs is greater than the solid tempera-
-ture and the solid temperature increases. The bshaviour
of the gas tempersture ,Tg, is particularly interesting
The ras temperature rises until it reaches its pesk
.value, followed by a less rapid decline, This is bec-
ause, the velocity lag (K) is large amd the effect of
exchange of momentum is predominant. As (K) becomes
progressively smallar the heat transfer increases in
. importance and eventually becomes the dominant factor
-and the gas temperature starts to fall again.

Fig.{8) shows the behaviour of the resultant gas
~and particle velocities, at 25 mm downstream of the
“mouth of the shock tube, after the shock wave intera=--
otion with a 90° bend, through the firat 150 4+ 3 of
‘the problem time. The initial coniitions for the susp-
. epgion flow parameters are like that in Fig: 56). In -

81l these curves the resultamt gas velocity (u) is .
greater than the resultant particle velocity (v),while.
‘both of u and v are decreases with the increase of the
“awount of -solids 4n the mixture. These results can be
explained as being due to 8n increase in the solids
Zoading ratio csusing an increase in the number of

ticlas in-a given velume of gas with a consequent
3@ in total drag-amd heat transfer rate. The increas
aod " effect of drag and heat transfer causes a decresse
‘4n:- £low properties, - R S :

In order to check the accuracy of the computatio-
nal -technique used in this papar, the results were -
¢hecked against the.experimental results obtained by.
other investigators, for pure air flow only. Fig'.(Q{'
fomparaes pressure readings taken at & point 26 mm -
downstream of the corner (on the centre line of the ..
wpstream leg) - with the computed solution for a Mach
X.5 shock wave. The results show a good & greement
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with the experimental data, obtained by Skews [17],
of shock wave interaction with a right angled bend in
a square tube 44 mm wide. Fig {9) alsc shows the vari-
ation of pressure for the suspension flow in this squ-
sre tube. Unfortunately no experimental results for
. suspension flow have besen published. Therefare, in
order to check these results with the experimental ones,
an experimental investigation based on the interaction
of shock waves with bends in pas-solid suspension flow
.is suggested to carry ocut in the future work.

5. Conclusion:

- A two=dimensl onal g_fproximation to unsteady non=
equilibrium gas-golid ow in a shock tube has baeen
shown to produce sclutions which give a reasonably
asccurate prediction of the shock wave interaction with
a 90° bend in a real gas-solid flow. The general flow
equations for gas-solid suspension flow along the sho=-
ck tube were derived. The equations are formulated in
the absence of the common assumptions of neglecting

the solids volume and assuming equilibrium conditions
prior to the shock. An analysis based on the Fluid in
cell method was used in the computational technique .
The results of ths numberical method were shown to
‘agree well with that experimentally obtained by previe =
ous investigators for the gas phase. The numerical
method was discussed for both cases of cylindrical and
carteslan coordinates. The variation of flow properties,
ressure, gas velocity , gas temperature, aclid veloce-
ity and solid temperature has been shown to depend
significantly on the mresence of solid particles in

the air flow, and also on the amount of these particles
in the mixture. . -~ o
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Fig.(4) Isobar plot at t =100 us
X =0.0
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Fig.(5) Isobar plot at t =100 us
X= 1.0
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Fig.(6) Pressure history 25 mm
downstream of open end.
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Fig (7) variation of gas and particle temperatures

at 25 mm down stream of open end.
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Fig.(8) variation of gas and particle velocities at
25 mm down stream of open end
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Fig.(9) Comparison of experimental results

and computed pressure history.



