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SHOCK WAVE BOUNDARY-LAYER INTERACTION
IN GAS-PARTICLE FLOWS THROUGH DUCTS

K.A. IBRAHIM¥*

ABSTRACT

The problem of shock wave turbulent boundary-layec inreroction in
gas-particle flows through circular ducts is investigated experimentally.
The effects of the amount of solids in the air flow, the intake design
parameters such as; the upstream driving pressure, intake Mach number,duct
length and the back pressure on the interaction characteristics have been
investigated. The results indicate clearly that the interaction
characteristics are mainly affected by the presént of solid particles in
the air flow and the duct length. A lower pressure recovery is expected as
both of the intake Mach number and the amount of solid particles,suspendad
in the air, are increased. As the solids loading ratio increases the
pressure recovery decreases, while as the duct length increases the shock
interaction becomes stronger.

1. INTRODUCTION

The design and development of high performance turbomachinery operating in
an ambient with solid particles requires a through knowledge of the
fundamental phenomenon associated with particulate flows. Air craft engines
and inductrial gas turbines operating in dusty areas or in places where the
atmosphere is poluted by small particles can be examples of machines
operating under gas-particle two phase flow conditions. The problem of
shock wave boundary-layer interaction in cylinderical ducts is of great
practical importance in the design of supersonic air intakes jet propulsion
units, high speed centrifugal -compressors and supersonic wind tunnels.
Unlike the case of single phase flow, no experimental work has been
published of shock wave boundary-layer interaction in a gas flow carrying
particles through cylindrical ducts. Most of the recent studies in this field
have been made on gas flow diffusers, nozzles and ducts operating when
preceded by a normal shock boundary-layer interaction, [1-8].

In this paper, An experimental investigation of 'shock boundary-layer
interaction in gas-solids flow cylindrical duct has been considered.
Effects of interaction parameters such as; the upstream driving pressure,
the intake Mach number, a duct length, and the back pressure as well as the
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!glids loading ratio on the pressure distribution caharcteristics of the
interaction. In porticular the variation of both the shock position inside
the duct and the pressure recovery across the shock are examined, and
consequently the intoke design paraometers can be optimized.

2. EXPERIMENTAL APPARATUS AND INSTRUMENTATION

The overall test rig layout is shown in Fig. 1. The rig comprises an air
supply, o means of feeding the solid powder into the air flow, a test
section, a means of separating the solids from the air flow and devices for
air ond solid flow measurements.

2.1 Air Supply

The air supply is from two air compressors with o free air delivery rating
of 10 m°/min at a pressure of 8 bar. The compressors deliver to an air
receiver of 7.2 m" capacity, ofter being fully dried and filtered through

a filter unit. The storoge tank is connected to the rig by a pipeline 6.7 m
long and 50.8 mm diometer . ‘

2.2 Powder Feeding and Injection Systems

The solid motericl is stored in a hopper of 0.05 m3 capacity which rests
on o weighing machine. The space in the hopper above the powder is
pressurized to cssist the particle flow. The solid particles are introduced
into the oir flow through a combinotion of two valves. The lower valve is
fitted with o pointer and a scale clibrated in 10° intervals. This valve
was used to control the solid flow rote over a wide range of values. The
mixture is injected into a 2.54 cm pipe diameter and 30 cm length through
four injectors mounted flush with the internal surface of the main pipe
rig, Fig. 1. The injection system was found to provide a uniform steady
flow of the mixture.

2.3 Solids Separation

After the oir-solid suspension has possed through the test section, it is
led into o cyclone-dump chomber designed to remove porticles from the flow
down "to a diameter of 12.5 microns. The clecn air flow; with unseparated
particles; was passed from the top of the cyclone through a fabric bag
filter and exhousted to atmosphere through o control valve. While the solid
particles separated in the cyclone, were collected in the dump chcmber.
After o series of experimental runs, the powder has to be reloaded into the
storage hopper for reuse.

2.4 Test Section

The test section is consists of o supersonic flow nozzle ond a 25 mm
diameter circular duct followed by a conical diffuser of inclined angle of
12° ond hos an overcll area ratio of 4:1. Two different nozzles were used
and identified as follows:

*

The first nozzle has o throat radius of 10.02 mm, Ae/A = 1.556 ond 1.9
exit, Mach number. While the second nozzle hos a throot radius of 10.81 mm,
Ae/A = 1.337 ond 1.7 exit Mach number. The nozzles were designed on an
inviscid oir flow baosis, the discohrge Mach number of each was slightly

modified from its design velue. Thus for the desired dischorge Mach
n:pbers of 1.9 and 1.7, the nozzle Mach numbers were 2.15 and 1.8, Three _J
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tested ducts, with different lengths (L/D = 20, 24 ond 28), were used. On
each duct length a series of static pressure topping holes were drilled ond
spoced ot intervals of 10 mm in the interaction region ond 30 mm in the
downstream region.

2;5 Measurements of Air and Solids Flow Rate

The air flow rate was measured by a standard orifice plate. The solids mass
flow rote was measured by timing the change of weight of the solids hopper.
A torque potentiometer was attached to the weighing machine pointer, Fig.
2, "to provide on output voltage; which available to read from o digital
voltometer. By this method and by the help of weighing machine calibration
curve, the solids mass flow rote ot any position of the valve opening was
determined.

2.6 Pressure Measurements

The static pressure distribution along the duct wall was measured using a
multiple U-tube monometer system. Two Bourdon pressure gages were used to
measure the total intake pressure (P_), before entering the test nozzle,
and the downstream back pressure (BB) in the diffuser tail pipe before
the downstream valve.

3. RESULTS AND DISCUSSION

The experiments were carried out for a wide range of air flow rates and
solids loading ratic. The solid particles used in these experiments were
polyvinyle-cloride powders. The physical properties of this powder are
shown in Table 1.

Toble 1
Average particle . Particle Packed 3 Specific Particle
size, Microns Density, Kg/m density, Kg/m | heat shape
JIKg.K°
150 o 1060 550 1340 almost
perfect
spheres

3.1 Pressure Distribution

A shock wove turbulent boundary-layer interaction in a gas-particle duct
flow is governed by five design paorometers; P_, L , M., P, ond X. The
effect of these porameters on the static pregsure diétrigution-is shown in
Figs. 3-7. In such a flow system the inlet Mach number M, is obtained by
using o certoin nozzle. The voriation of the inlet boundary-layer thickness
is achieved by varying the duct length at constant M and P_. The
boundary-layer just before the interoction also varies depend?ng on the
shock position within a constont duct length. This also could be ochieved
by varying the volue of back pressure,”PB_

L
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From Figs. 3 and 4, it can be seen that, for a certain nozzle-duct length
combination ond ot a constant back pressure, the shock moves further as
P or X increases. Also it is clear that as P_ or X increases the
p?essure gradient in the shock region decreases. This can be explained by
noting that an increase of P moves the shock further into the duct
giving the boundary-layer the chnce to grow thicker resulting in a strong
interaction, i.e. a wecker shock and smaller value of dP/dL are obtained.
Also the persence of solid particles providing an odditional pressure drop
component through the mechonism of momentum exchange between the two phases
and the additional turbulent energy will b. produced in the flow. For these
reasons, the maximum value of dP/dL occurs in pure cir flow, X=0, and
decreases with X increases. From Fig.5 , it can be seen that, for constant
value of X and Po’ as the back pressure PB increases; the following
cases occur:

(1) the shock moves upstream and finally recedes into the nozzle, ond (2)
the shock strength increases ond its intercction with the boundary-layer
becomes weakness. Fig. 6, shows the variation of pressure along the duct
length, for different duct lengths, while the remcining design porameters
are kept constant. The results are for both air flow and suspension flow.
From the results it can be seen thot as the duct length increases, the
shock moves further upstream aond the volue of dP/dL in the interaction
region increases. The upstreom movement of the shock is attributed to the
increase in aerodynamic resistance of the longer duct. In the case of
longer ducts the pressure continues to increase for a longer distance after
the shock position. While for shorter ducts (for lote shocks), the
interoction completes rapidly. From these results it can be concluded that
the best inlet conditions to the diffuser occur in the case of longer ducts
and then o good diffuser performance will be obteined. Fig. 7, indicotes
the effect of changing the value of inlet flow Moch number M, on the
pressure distribution. For smaller volue of M, the interaction is
stronger ond the redistribution region is smallers This is expected since
the shock 1is moved further in the duct with the increase of M, and this
will give a thicker boundory-loyer along the duct wall. Thérefore, the
length of redistribution region increcses for the higher Mi'

3.2 Interaction Characteristics

The porameters describing the interaction chorocteristics (X§ ond c )

are defined in Fig.2. The shock position (Xs) is defined as the diBtaonce
from the duct inlet to the point where the pressure distribution starts
curving upwards. While the pressure recovery coefficient cp is defined
as;

(P /P ) - (P /P )
mox o i’ o

P =
[ (PilPo)

Referring to Fig. 2. aond occording to the obove definition, Xs and C_ are
obtoined directly from the measurements of pressure distributiBn. The
effects of X, P, P, ond L/D are quite clear in Figs. 8-11. Generally :
the value of C° décreases with the increase of Po and X, while it
decreases with th€ increase of Py and L/D. This is attributed to the fact

that for the longer duct the shock interaction tends to start earlier,

-
L
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while the boundary loyer is still thin ond the weck interaction with the
6 thin boundary-layer occurs; i.e. higher pressure recovery occurs. For the
gy & case of small value of P, the shock moves to the downstream where the

boundary-loyer is thicker ond then C_ decrecses. Also from Figs. 8-11 it
coan be seen that the shock moves Purther (Xs increases) inside the duct
when the solids loading rotio X and P_ are increased or when P, and L/D

are decreased. In Figs. 9 and 11, The results for pure air Elow ore also
illustroted for comporison with those for suspension flow. The values of Xs
and C , for all tested duct lengths (L/D) and P, are mainly affected

by theppresence of solid particles in air flow. °©

4. CONCLUSION

The phenomenon of shock wave boundory layer interaction in o gas-solid flow
duct has been studied experimentally. The results demonstrate that the
pressure recovery coefficient and the shock position are mainly depend on
the value of solids looding ratio, upstreom driving pressure, back
pressure, intoke Mach number aond the duct length. As the solids loading
rotio increoses the shock moves further downstream and the volue of
pressure recovery in the interaction region decreases. For o certain value
of solids looding, the best inlet conditions to the diffuser occur in the
case of longer duct. Also the pressure recovery coefficient has o higher
value in the cose of longer duct. This will give o good performance of
diffuser. Therefore, in practice the longer ducts are recomended to be used.
especiolly in dusty areas, :

REFERENCES

1. Livesey, J.L., ond Odukwe, A.0., "“Some Effects On Conicol Diffuser
Performonce Of Preceding Normal Shock Boundory-Layer Interaction”,
Proc.Instn. Mech. Engrs., Vol. 188, 607-613 (1974). .

2. Livesey, J.L., ond Kamcl, W.A., “Prediction of Diffuser Flow and
Performance following o normal shock turbulent boundary-layer
Interaction”, Proceeding of the Symposium On Turbulent Shear Flow, PP.

. 12.1-12.10, Pennsylvanic state Univ. (1977).

3. Arens, M., ond Spiegler, E., “Shock-induced Boundary layer separation
in over-expanded conical exhaust Nozzles”, AIAA J, vol. 1, P, 578
(1963). g : ‘ '

4, George, G., Brosh, A. and Vigas, J.R., “A Normal Sshock Wave Turbulent
Boundary layer Interactions At Tronsonic Speeds”, AIAA J, No. 76 P. 161
(1976).

5. Reda, C.C., ond Murphy, J.D., “Shock Wave Turbulent Boundary Layer
Interaction In Rectangular Channels”, AIAA J., Vol 11, No.10, (1973).

6. Waltrup, P.J. ond Billing,F., “Structure of Shock In Cylindrical
Ducts”, AIAA J., vol. 11, pp 1404-1408 (1973).

. 7. Fukuda, M.K., Hingst, W.R., aond Reshotko, E., “Bleed Effect on Shock
Boundary Layer Interaction In Supersonic Mixed Compression Inlet”,
Aircroft, J.,Vol. 4, No.2, (1977),

8. Kamal, W.A., WAHBA, E.M., ond SABRY, T.l., “Shock wave-Boundary Layer
Interaction In Cylindrical Ducts”, 4th international conference for
Mechanical Power Eng., Cairo Univ., paper V-29 (1982) :

NOMENCLATURE
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& Pressure recovery coefficient.
P Duct diameter ,
L Duct Length o
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Air Mach number at duct inlet

M

i
P Static pressure
PB Back pressure

Pi Static Pressure at duct inlet
Po Upstreaom driving pressure
Pmox Duct Maxmumim Static pressure
X Solids loading ratio :
x Distance along the duct length
Xs Shock position '

oloIN i Ym0
® ® T ®

N A 1 Air compressor
©) Sl 2 Air tank and dryer unile
/ @ 3 Control valves
\ & Orifice plate
20 ' 5 Welghing machine
® % ) \ 6 Solids hopper
.__ﬂ} —f 2 v Z T'f‘mg_ device @
njecfion system
whre @ "A"' 9 Cyclone-dump chamber
10 Collecting hucket @)
1 Test section ‘

Figli-a) A schematic diagram of gas.-solid flow apparafus.

Power supply Gauge
Prassure
Thermameter
Solids happer
—
l orifice T
plate
...L_ug
Digital g Multiple Manomatar
Voltameter ulti
% AN .
Weighing machine Potentiomeler

Figl 1-b)Schematic Diagram of the Instrumentation
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DUTWARD FLOW BETHMEEN A STATIOHARY AND A SHALL -ANGLE.
| ROTATING COMICAL -DISK

By
i i iii
B. A . Khalifas , H .1 . 1. Hewedy , M . EL - Kadi

iv
fdnd 5. T . EL - BRatyan

ABESTRATT

The flow betwesn 3 small angle conical rotating disk and a
stationary plane disk has been investigsted theoretically as
well as experisentally in this werdl: . This type of flow has
substantial technical applications c=such that of viscometers ,,
bearings and rotating machines . The present theoretical study
deals with numerical solution of the Havier - Stolkes equations
uszing the finite difference technigue for Hewtonian , laminar ,
incompressible , avdisymmetric and steady outward flow with
constant properties. Experiments were carried ocut for differen®
gap heights bestween the disks , different inlet flow Reynolds
nuasbker = and different rotational Peynolds numbers . Comparison
betwsen measured pressure distributions in the radial direction
artd  that obtained from the theoroctical solution of Mavier -
Stokes eguations as well as the resulte obtained by analytical
solution method developed by others are done . The agreement
between measurments and the rezultz obtained from the finite
difference method is good for larasz gaps , large inlet Reynolds
numbers and small rotational Reynolds numbers . On the other
hand the agremment iz better between measurmente and  the
results of analytical solution §for csmall gaps , small inlet
Reynolds numbers for all measured values of rotational Reynolds
numbers. The study is done for ranges of inlet gap heights non-
dimensionalized by the flow inlet diamster of (0.05 L(H=h/Di) 2
1.9), inlet flow Reynolds numbers based upon the inlet velocity
antd inlet diameter (O.46346E+4 £ ( Re¢=3%Ui Di/p ) £ O.318E+S) and
rotational Reynolds numbers (0. 279E+d i(Ret=iﬂR3fp ) £ O.123E+7)
for cone angle of shout one degree . The result presented here
represents a part of resulits obtained in the M.S.C. [5] .

i} Prof , ii) Ass. Prof ,iii) Lecturer , iv) Graduate student ,
Mechanical Power Engineering Department, Faculty of Engineering

& Technology , Henoufia University , Egypt . ;J
. ' ' !
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THTRODUCTTOH

The problem of fluid oubtwasrd flow betuween 3 stationary f1lat
‘disk  asnd & rotating cons  disk has many applications in
enginesring . Same  of works dealing with this  problem REER
Feviewed here . In [21 the flow hetween s shiallow rotating cone
and stationary plate has been investligated vimtally o Moreover,
measurements of the targue required to rotste the conical disk
wer e conducted . an expansion of the Havisr-Stokes equationg is
performed for small valuss of the single pasramet ey fﬁetrw1f12) "
There were agresments between btheoretical  and  the  measurad
results in the range of (0,52 {fﬁ;ulff?\ a4y,

] the laminar outward flewe in 2 parroe aap betessn Len
disks rotating with angular velocitiss 01 2nd QF 18 corisd dley e
The effect of syametrical conweeragent gaps of inlet to outlet
height ratios (B2/B1}) from  2.25 to 1.0 have been studied , by
sol ving the simplified Havier - Stokes  equabtions using finite
differences method o

In [7
1=

In thiz work theoretical and essperimental studies are pressanted
for  dincompressible  fluid flow  bebwesn 3 ebtalionary  end 2
rotating conical disk with small angle { of shout one degree ).
The problem to be solved iz skelobhed in Fig. (1) (hY is  the
minimum gap height betwesn the stationary and the rotating cone
disk and the variasble gap has the height (ed . The fluid enters
the  domain axially through a2 circular opening of diameter (Di)
in the stationary one,the outer diameter of the rotating disk
is (Do) and the angle of the robtating cone is {xd . A parsholic
velocity profile (Ui is asssumed at the inlet .

Figal b 1
Flow between & stationsiy
and rotating conical disk

O—-Cc
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THE GOVERMIMNG EQUATIORS

A laminar, outward, aszisvamebric and steade flow in the gap is
considered . The fluid is assumesd to be incompressible and  of
constant properties . The gap heiaght 1= an arbitrary function
of radius . The last assumplions were used in [41 . Under these
assumptions the Navier - stokes equations describing the flow
betwesn a statiornary and rotsting cone disk can be written in
the following form {(see Fig. (1)) .

Continuity Equalion:
(1/,r)b{rul s or + dwidz = O (1)

r = Momentum Egualion @

2 2
(1R} W Gt o ts 1 6 oou
3 [u T S 1 B e N e L Ot R R & ] {2
br = - (ehed bt Gy o by 2
|}) z
& —  Momentum Egquation ¢
o
By (RRY v & i & b
S L U — t e W ] = p [ (= el b s ] {3
& r B v by s
[ B
T = Homentuwmnm Equation
2
fita it s T Fria &t
3 L U —— + W - ] = = e+t [ L ot e ] (33
o e by v dir z

METHOD OF SOLUTION

Equations (1) to (47 were solead by the STHFLE algorithm  of
Smith [ 3 1 by spplying the findte difference procveduwrs . The
velocity components  are detersined he the salution of their
discretization egquations and  the preseab e i caloul ated
depending on the computed fluid flow field o & 15 < 1) grid
ie applied with 15 grid lines parsllel Lo » = direction  and
11 grid lines parallel to the radial direction | =ee Fig.2 . &n

b
a
~L
11 . s S aan i
™
' 4
Fig.2 The ussd grid i
E{)'ﬁ‘:l‘lg - 1 AR = w TONYTY AR A R AL R AR AL AR D R R AR B R AR R L]
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explicit method of solution  wae veed i

because of its simplecity ,»  wging & very =]l
whilethe procese is vallid only for O LLAESN

sltain
Fechnigus

must be kept smzll in order to
To zolve the equations by this
conditions were used @

t.

peasonable
the fallowing baundary
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valoulations
and ml Az
0.5 AR
EZY

Fiea
el e
arid
OO B

itk = 5 Nis2 I nos2 s o= oy = o om O (%)
“whox = ho§ 0 Lo X DosF o o= owo=m 0 & ST (&)
The initial conditions at the inlet secbion were taken ag 3
pi=) = consl . (7Y
Ther initi=l velociby profiles ufis . ¢ srid wial are baken
from [5]1 == @

uizd = ( 3R7mrh ) Geho = B L aresh and wisl = G (8)

arid point 1 2 3 -
Eqne. (17 to (4} are Feplaced by the aligehie i o
approtimations  using farwsed findite
the first derivatives and cenberal —di fferands
second derivatives . After appling Lhe last

For swvery internal

aif.

1 4 M o 7

finite—diffarencs
cht FF e e e

formula  Fow
formutl ag for bhe
nprmmimafimna Ly

mamentwn and continuity eguations o, it gives & foraula for the
unbnown velocities u . 1T D ETITS I RTINS =i

A i+t, 3 i+d, 1] P
the {(i+1,33th  mesh point i ters o of ks vedoe it ies  and
pressure along  the i=th coluunrn . The  wequations  of Ehmae
variables zsre given in [5) zs follow @

Wy +~1, 9
Vi+t, 3 = (:B/A'.)V;L,J-o-;, i3 (.:‘:‘-/A‘.)vi.“,——j_ +: ':'D/‘A::'Vi,.’
+ (E/AYVy—1,3 — (AR, /v - i,/ 9t
Wiet, 3 & (:B/A:)Wj,,,_j-o-], =+ ‘:I::/A:JW1.'j—1 e C:D/’A‘)Wi,_‘,
+ ('.E/A}wt._,‘,',' + 1/ 9% ‘:pj_"j = [31,_14«1:)
Piw1,3 = P4a,.3 (AF YUy w1, 9 *+ CBFIWL, 443 +
+ (DF U,y + Elaci, g = Oafr2 + B2y/r

and are the radial,
the inlet respectively and A,

where A, R 5=
velocities at

are given by:

B,

A = Ag/Ar - (p/%r2) ~ (pn/8%Ard,

B = (p/Az2) — (T./Az),

o= (p/% =223,

D = As/Ar + TalAz — (Zp/QArd2) - Cp/ SrkAY ) — LEp
E = n/%r2  and

F = %Ar

We,s — AL DX /v) = Wy, yerDrbDzd + Wy, s B Az

L 1 o T I Do

tangential

.|..
10D
e
1171
.+.
C120

and axial

Iy D, E and F
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Hence one can calcdlate the anknesn pivola]l values of v along
the first i~- column  in terms of Fnown boondary and initiald
values at i=1 . Then the unknown pivotal valuss  along  the
cecond i- colunn can be determinad from the caloulated pivobal
values , this steps are sdecuted for the other parameters  of
flow . At every etep the pressure st the (i+l,jith was
calculated . & computer program is executed to solve the last
equations to Ffind the pressure distributions . A flow chart
represents the steps of solution of this compUler progr am
are given in [351 .

SOHE EXFERIMENMTAL DETRILS

fi testing apparatus iz designed to carry onl the e per i mental
wor'k of this investigation . The apparatus is shoawn In Fig. (3),
The principal object of this work was to deteraine the radial
pressure distribution betwesn the disks iich were  obtained
from a bank of manometers coupled to static pressure  Lapings
seperated by 5 am radial distances betweeen each  others In the
stationary disk .The test apparatus conzisls of face plate,back
plate,cylinderical housing,stationary disk and &« rotating disk,
with small cone angle of about one degres . A1l the last parts
werrae made of presspeax the other parts which formed the
apparatus as the driving ., suppply circuit and the measuring
devices are made from other materials . Complete describtion of
the apparatus are given in [51 .

< il

o
.38

{1 Electric pump
2% Bate val ve
{33 Main bank
| LAY wwer flowm Lank
3 5% Manometer
, 79 M3 s 17 £6% YVentilation valve
V.3 VA A Y e
[ ' : ;( / / / 19} D-ring
S 10 Slationay disk
{‘ 2] L ;S £113 Rotating disk
o Jf; ’ {123 Borden gauge
el | =1 17 Cydinder
6 [J £113 FRake plate
{15 Stuffing box
5 | 9" 16 Bearing
2 f__ffaj {17% Flasible coupling
J//// £183 Elrectric circuit
20 1%} Electric motor
207 Collecting tank
th— f211 inlet tube

Fig.® Schematic dizgram of Lhe
experimental set up .



Third ASAT Conference
FA-31| 100 4 -6 April 1989, CAIRO

THE EXFERIMEMTAL RESULTS &

Thie section is concerned with the discussion of the experimen-—
tal measurements . The messuremsnts of radial  pressure  are
reptresented in Fig. (4) . Figs.4(a,b) show the effect of wvarying
the rotational Reynolds number on the radisl pressure distribu-
tion at H=0.1 and H=1.0 . Increasing the rotational Feynolds
number leads to increase in negative pressure . A1l the curves
talke the same trend and the maximum negative pressure is shown
at &= radius ratio of about B = 5.0 . This result is retered to
increasing the hydraulic losses in the entrance region of the
digk and the vens~contracta effecl .  The same result can  be
chown in Fig.4(c) which profiled the eifect of varving the gap
height on the radial pressure distribution at constant  inlet
and rotational Revnolds nusbere o Increasing the gap height
resulte decreasing of miniowm pressure .

Introducing the effect of one deyree cone angle on the radial
pressure distribution in comparieon with the results of  flast
dick (obtained from [51) is shown in Fig.4{d) at different
values of H . The presswre distribotion for the flatl disk is
presented by the curwves of number (1) and for the conical disk
by (2) . The cone angle incresses the amplitude of the negative
pressure at  emall H ,while at highierr H ,H = 1 the walue  of
maximum pressure drop is reduced .

COMPARTISON RETWEEM MEASURMENTS AHD THEDRIES:

This section concerns with the comparison betwesn the eperime-
ntal and the theoretical resulte obtained from both af  the
anzlytical method of sioplified Mavier - Stokes egusticons
obtained from [61 and that obtained from the solution  of  the
Navier-Stokes equations by the finite difference method  (FDMD
which i given in this work . The inertias of  flow  bebdis st e
included in the last sclution whiles it waz ot i luded i3 Lhe
analytical method . S0 some  esperiment a1 piesaii e jir T i les are
represented with the theorstiosl pesd be d5 Lhie Lwo wazes of

solution at same initial EIRTE B ERTRTE el Dlous .
Fig. {5 represen TR AT R gitem sl e b e ap el me bhie
computed pressu by win shisl wbie 2l mebthod
taMy and the Findte Adiffe enes g lheosd SFDRHY S gt Jiffer enl values
of H , Fegand Fegfor flom wib oy w0 st gt ionary Flaeb disk and an
rotating  cone dish of shool one degr e Codis shgle o FigeSoad
chows the pesulbe fop Hat, o5, Fig.Siht for H=Go 1 and Figs.S5(c)
and Sid) Ffor H=D.7T @ 1.0 pespectively o TL iz clezsr from the
recul be bhat there are large deviationg betwesn the thearetical
results ohtzined from both methods and the measursments at  the
inlet region . Thess deviations could he puplained as a result
of the place of meassuring the inlest pressure and the sharp edgs
effect at the inlet ., in which the flow changes it7e direction
from axial to radial direction causing &  small seper st on
region. These effects are concluded in the measurements but were
neglected in the theorestical analysis o The aareement between
the measured pressure distributions and the theoretical results

i b Foi,ar s ', 3 ymey | £
itk o ahb i T

f
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Fig.4. Experimental pressure dicetributions
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Sfrom the analyvtical method (AN at small valwe of gap height H,
{(H=0.0%) for given range of Regand Reg is excellent, Fig.S{=) .
In Fig.5(b), where H=0.1, the agreement between measurad and
computed results obtained from the finite difference method is
good for given values of the inlet and rotational Reynolds
number . That means a greaster values of H and small rotational
Reynolds number the (FIM) gives hetter results . In Fige.5i{(c)
and S(d) in which H has the values of 0.3 and 1.0 respectively
the agreement between measurements and the results of the
finite difference method (FDM) is excellent .

For the numerical solution to be credible , some comparison
with others computaions is essential . This is also necessery
to ensure the edequacy of the grid emploved . Such a comparison
iz presented in Fig.5(e) . The copputed results of  pressure
distributions in thic work are compared with the computed
results of Prakash and coworketrs [41 for flow betwesn two flat
disks (13 . Ta show the effect of cone angle on the pressure
distribution ., the results of (FOoM) for  flow between - a
stationary flat— and a rutating conical plate (cone angle & 1 )
are also presented in Fig.S(e) by curves (2) . The computztion
resul ts presented from [4] are presented only for flow  between
Ctwo flat disks ,{ dotted lines ) . The cosparisons are done for
two values of inlet Reynoldes number (Reg= 100 & 1000) , but for
the same gap height , (H = 0.5) and rotational Reynolds number
(Ree = 100) . The agreement between both computations for the
flow type (1) is good at the given two inlet Feviianlds numbiers
(Reg = 100 & 1000) . The devisation between the computations for
the flow type (2) sl Rer= 100 is due to the cone angle: . As can
be seen the agreement between the computed results of this wor k
and  that in [41  for flow between two flat disks is  guite
satisfactory .

COHCLUSTONS =

From the result
ions are drawn

obtained from thie work the foullowing conclus-—

e [}

1. The analytical method (AM) gives a goad agreement with  the
experimental resulls for the big rolationsl Frynolds number s
Lsmall inlet Revnolde numbers and small gep heights . This
agreement could be esplzined as oan effect of the biig valus
of inertia due to rotation and small value of inertia due to
flow . The deviztion incresses at big gaps and at high inlet
Reynole numbers=,at which the flow inertia hag big values .

2. The increase of the rotaliconsl Reynolds number incoreases the
amplitude of pressure snd thie depends upon the inlet Revno-
1ds number and the outer radius of the rotating disk also .

3. The increace in the gap bheight increases the inertis of the
flow , s the pressure will incresse by increasing the gap
height and thig increament rate of pressure is smaller at
bigyger values of gap .
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4.

The solution of the Navier-stokes equations wsing the (FDI
gives good and better agreement with  the exper-imental
results than the analytical method (A &t the big gaps,. for
all measured values of Feg and Reg . This agreement e
Fetained to the terms of the inertias of flow which are taken
in the consideration in the (FOMI- calceulations .

Finally the most important thing in this work thal the area
under the pressure distribution curves represents the axial
thrust upon the disks .  Then these figures show  how this
important parameter is under the contrul of the designer, by
changing the values of H , Re;and Reg.
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NOMENCLATURE
2
B cofficient of pressure = {( p — p )} J0.5 % W1
p i F

Di diameter of the inlel opening = 2FRi

Do outer diameter of the rotating disk = ZR

H dimensionless inlet axial gap height = b /Di)

H gap height between disks at inlet

hr gap height at any radius

P o.p pressure at any radiuve and exit respectivelly
r KR
R Radiuve ratia = v/ /Ri
Fe; inlet Reynolds pumber = 9 Ui Di/J p
Re, raotatiocnal Reynolde number = 38 & R /7 p
Fe®,¢ radial —, angular - , & axisl cuwrdinats.Fig.d
Ugwaew Fadial —, tangential- % axial velocity ,Fig.!

Ui average velocity of the incoming fluid

wx angle of the rotating cvonical digk o Fig.l
9 density

5 angular velocity of rotating disk

ju dyniamic viscosily .
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