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This paper presents a theoret ical  investigation of compressible 

non - faq~ilihrium gas - so l ids  flows through dil'fusers of d i f fe ren t  

geometries. A well established approach t o  the theory o i  compressible 

g58- so l ids  flow, based on one - dimensional ilow model, is used i n  

the theoret ical  treatment. The assumption t h a t  the so l id  pa r t i c les  

and the gae are i n  equilibrium; which usually used by previous inves- 

t iga to r s ;  is not used here, s o  the existence or' veloci ty  and temper- 

a ture  differences between the two phases necessitates a numerical 

solution of the governing equations. The flow properties such as; 

flow pressure, velocity and temperature of the gas and velocity and 

temperature of the so l ids  were found t o  depend on the values or' so l ids  

loading ra t io ,  so l ids  material density,  pa r t i c le  diameter and d i f fuse r  

angle. 

1. IHTRODUCTION 

Flows i n  which so l id  pa r t i c les  a r e  suspended i n  a gas stream a r i s e  

i n  a var ie ty  of s i tuat ions .  A few of these a re  pneumatic conveying of 

granular sol ids ,  abrasive o r  crosive j e t s ,  pulverized fue l  j e t s  as a p p  

l i e d  t o  bol lers  and gas turbines,  the nozzles or s o l i d  fuel  rocket 

engines and the ingestion of sand by arl air-intake-system a i r  cra : t  

turbine which is responsible ror  blaae erosion. 

The performance of the turbo- j e t  o r  ram- jet power ins te l l a t ion  

depends to a large extent on the performance of the aigintake-system 

of which the  subsonic d i f fuse r  is an important part. Most or' previous 

investigations have been made on gas flow subsonic d i f tuse r , [14]  . 
Considerable l i t e r a t u r e  e x i s t s  on the ilow of gas-solim nixtures a t  

low ve loc i t i e s  and the subject hs~s been extensively revie~rec! by Torobir. 

2nd Gauvin [ 5 3  . The recently increasec! interest in the r i e ld  of --solick 



flows t h o u g h  nozzles has followed the use oP meta l l ic  fuel const i tuents  

i n  rocket  engines, and theo r i e s  l'or the one-dimensional, compressible flow 

of gas-solids mixtures have been presented by Kliegel [6 3 , Hudinger 1 71 , 
Waxda \a], and Hultberg and Soo 1 9 3  . Mobbs, e t . a l  1101 , s tudied  the 

e f f ec t  of initial ve loc i ty  and temperature l ags  on the flow behaviour 01' 

a gas-solid suspension i n  a convergent - divergent nozzle , under subsonic 

snd choked flow condit ions.  

I n  t h i s  presentat ion,  t heo re t i ca l  inves t iga t ions  on s u b o n i c  gas  - s o l i d  
0 

now di f fusers  with total expansion angle of 10 ,20°,250 and x0 are  prese- 

nted. The Influence of s o l i d s  miss loading r a t i o ,  p a r t i c l e  material dens i ty  

and p a r t i c l e  diameter are a l s o  examined. 

1.1 Nomenclature 

Diffuser cross  - sec t iona l  a r e a  

Pure gas speed of sound 

A constant  i n  eqmtilon ( 5 ) 
P a r t i c l e  drag coe f f i c i en t  

Spec i f i c  heat  of the  gas a t  constant  pressure 

Spec i f i c  heat  of the  s o l i d s  

P a r t i c l e  diameter 

Temperature l a g  parameter 

Velocity l a g  parameter 

Gas conductivity 

Tota l  l e r g t h  of di l ' fuser 

Hass rate of flow of gas 

Mass r a t e  of flow of s o l i d s  

P a r t i c l e  Nusselt  number 

GAS Przndtl  number 

Pressure 

Gas constant  

W t i c l e  Reynolds number 

Dietance i n  the  downstream d i r ec t ion  

Gas temperature 

Mixture etagnation temperature 

So l ids  temperature 

Gas ve loc i ty  

Sol id  p a r t i c l e  ve loci ty  



Solids t o  gas m s  flow r a t i o ,  ( m /m ) 
6 6 

Gas density 

Density of so l id  par t ic lee  

Distributed so l ids  density 

u Gaa viscosi ty  

Suffix 

1 Conditions a t  i n l e t  t o  di f fuser  

2. THWRETICAL ANALYSIS 

2.1. Basio Assumption 

The aasumptlons on which the ana.lya3.8 is based axe as follows; 

1- The Plow is one-dimensional and steady 

2- The gas is a p r f e o t  gas with a constant composition 

3 2he par t i c lee  are spherical ,  8mooth and of constant density and 

spec i f i c  heat 

4- The par t ic le8 do not in te rac t  and are unifornly distributed. 

Brownian motion of the pa r t i c les  does not contribute t o  the pressure 

of the system 

5- The flow is adiabatic ' d t h  no mass tnns:'er betxeen the : low rtnd 

its surroundings o r  between the two phases 

6- The tenperature of a par t i c le  is uniforn through-out owiw t o  itx 

high thermal conductivity' (conpvxd t o  thzt ox' the p& > 
7- The volume occupied by narticlen i s  m a l l  enough t o  be noe-lcctetl 

& Thernal energy exchange bekreen solic?s aJL6 &!as occurs by convection 

g- Drag forces  axe the only  forces accelerating o r  6eceleratirg the 

~ c l e s  

3.2,- G ~ a m  

Yith the  above wump$%6ne and &erring t o  Mg ( 1 ), the equations 

governing the  flow and e n e a y  tranrJfer i n  the di f fuse r  are: 

 as continuity: mg= fg .~.u  (1) 

Sol idscont inui ty:  ngPSe.A.v (2) 

G a  equation of state , P&.R.T 
43 (3) 

Overall momentum equation: 

m ( +xvl) - m (wxv)  + P ~ A ~  - PA ++ (pl + P)(A - 
g '5 g A1) '. 0 (4 



Overall energy equation : 

C T + u2/2 + x(v2/2 + c ~ T ~ )  - (Cp + x C ~ )  To = ~ / 2  
P g 
Par t i c le  momentum equation t 

dv/ds 3/11 . C . f  . (u-v).(u-vl / (fp.d.v) 
d g 

Par t i c le  heat t ransfer  equation t 

2 dT$b - ~.Nu.K&.(T~ - Ta)/ ( f  .C .v.d ) 
P 

Now , l e t  
2- m (U + Xvl) + ( P ~ A ~ )  + h Pl( A - A ~ )  

g 1 
and, Y- 2A / ( A + A ~ )  

Combining equations (1) , (3) and (4) and eliminating T by use 
g 

of equation ( 5 ) ,  expression f o r  the gas velocity;  

- --T--- (8) 
where, 

Y Z  XYv 
H *  - - -  

n .R 
g 

R 

F 2( 1/2cp- Y/R) 
2 

N - B - x ( v + ~ C  T )  

c~ 
The s ign i n  equation (8) indicates t h a t  two values of u a re  

possible. The proper value is selected so tha t  the solution is t'or 

aubsonic flow through diffuser.  

2.3. Pa r t i c le  drag coeff ic ient  and Nusselt nrunber 
I, . 

The following approximation t o  the standard drag curve , used by 

Mabbs, e t d .  [ lo)  , w i l l  be used here. 

Cd= 24 / ~ e  for  Re( 0.1 

cd-(24 + 0.379. R ~ ~ * ~ ? M R ~  for: O.l<Re < 500 

C,= 2.63 / Re 0.26 for 500 < Re < 1006 

C g  0.44 f o r  Re ) lo00 

Where, 

R e -  G . ( u - v ) . d  / u 
The Nueeelt number wae taken according to,  C 103 as followsr 

Nu = 2 + 0.459 



Where, A is the ges Prapitl  number , taken to  be 0.7 throughout. 

2.4. Specification of diffuser M e t  conditions 

The temperature and velocity lass are defined by the parameters; 

Y v/u (10) 
These paraanetare were orQinally introduced by Kliegel 16 3 in  a constant 

fractionsl lag analyeis of noerle flow and by Mobbs, et.al. [ 101 i n  
8 convergent - divergent noeole flow, 

Ia order k, specify the i n l e t  conditione af diffuser, it is assumed 

thst fhe gae - eolid mixture is expanded, Prom the mixture stagnation 

bsperature To , i.8. w i t h  a constant overall energy flow rate. If X,  J, K 

and To axe fixed, the overall energy equation can be wed to  determine 

the gas temperature T for  any value of the gas mass flow rate. The gas 
g 

velocity and remaining gas parameters can then be determined from the 

equations of gas continuity and state. 'he solids velocity and temperature 

are determined from 4 s  (9) and (10). 

2.5. Diffuser profile and choice of solid 

'he computer progran nag arranged so that any area p a f i l e  could be used 

provided it can be expressed ka a function of the axial distance from the 

diffuser inlet .  Tuo part icle  materials, were used i n  the present work. 

These were polystyrene and glass spheres, which usually used i n  the pract- 

ical work. - - 

2.6. &&hod of computations. 

Eqe (6) and (7) were integrated, i n  the f i r s t  instance: over a step length; 

starting f r a  one s tap after the kmoamkmoam-fnl& cosdritione, t o  obtain the solids -. 
velocity and temperaham a t  each step. lhis i a t q r a t i o n  was carried out using 

a 4 t h  order 5- i-atsge -8- Kutta - Merson method. New d u e s  of the remai- 

ning gae prametere can then be. calculated from Eqs (I), (3) and (5), and the 

process repeated. 

3. FtESULTs AND DISCUSSION 

The computed reeults show the variation of gas velocity, gas temperature, 

pressure, solids velocity and solids temperature along i+e diffuser axis. 



3.1. An invca tb t ion  of the effects of varying the solids loading 

nrtio. 

Pie (2) sham, this  investigation, where the following assumptions were 

taken during the complG0tioni To= 300 kO. $ 1360 kg/m3 (polyatmne). 
6- 2% p. C; 1% ~/lg.kO, ng=0.120 We. ,  the in i t i a l  sue k K anti J 

weme hpt Oonstant and equal to  0.95 and the dry air w a s  wsd as the gas 
phsae. Ropr fhis  1- it  can be wen that, the variations of' praseme 
aad toaperatwe inaream when ths solids rddrni to the ak: and the varL- 
ations of velwity and aolid ve2ocity decrsase w i t h  an increaee in 
We amount of solid8 in the &.xture. These b n d a  reeult R;m the past- 
isle dreg aad heat tranaier hiog 5ncreaaed because then, are a large 
number of partiolea pmsent at the W e r  rraZids loading. 

3.2. An imrestigation of the affect of varyiw the d?tifuaer total angle. 

W (3) shorn the variation of pressure, gas temperature, solid teaper  
atum, gae velocity and solid velocity along the diffuser axis, for 1 0 ~ , 2 0 ~ ,  
25' and 30' diffusers. It is assuased that X = 0.6 and that a l l  other codi- 
tione are the sane as in  Fig (2). 

Pkom this  i&ure it can be aeen that, the rlo" properties are. affected 
by the design value of diffuser angle. Tne 30' diffuser has a heighst value 
of thermal s.tressea than the other dihusers. The variations of gas tenpe- 
ratura and solid temperature axe increase, while the gas velocity and solid 
velocity ant decresse dong the diffuaer axia with an imxeaee of diffuser 
q l e .  lhis lnay be due t o  an Inereme of the variation of flou area. 

3.3. An investigation of varying the solids matarial depeity. 

facili.tatrs rxanpsriaorm batween the results o M n e d  f'rom the two 7 types of 
powders, and also becauee the.glaea sphere ha% a density about-2.5 tLI(#l 
that of' polystyrene. Fig (4) shorn this conpariaon, f o r  a aucrpw5iop. ha* 
ing X- 0.5, A l l  other ooaditiom ana the ssrne as i n  Pig (2). 

Froa ~~ figure , it can bs seen thst the pressure and t a m p r a t u r e  
ourves have a hlghar value w i t h  incraaslng aoZ3.d nsterial density (glase 

spheres), While the aolids and a;as velocities have a loweir values than 
those f cn: polystyrene pouder, i.e, the velocity profiles are influenced 



by changing the W i c l e  propexties, but t h e n i s  no c h w e  i n  the- charac- 
twist40 shape* A l l  these effeoter, due to change of powder material, can be 

curplained a8 being due to an i n c k w e  in the solid material density, for  
a glven solids loading rat io,  reducing the number of particles preeent, mis 
hau ths effect uf redwing We heat txanafer ra te  and the to ta l  part icle  

drag force which is reflected in  the variation of flow properties. 

3.4. Effect of varying the part icle  diameter. 

P1S (5) shows the effect at varying the part icle  diameter on the flow 

bshaviaur through the 20' diffuser. The aolide loading r a t i o  is X Q 3.0 
and the other conditions are the sawe as i n  Mg (2). From th is  figure it 

can be seen that the part icle  diameter has a significant effect  on the 

f law properties, where the pressure, gaa temperature and sol id velocity 

are incrsase with a decrease i n  the w i d e  diameter. While the gae velo- 

c i t y  and so l id  testperatwe are decrease with a decrease i n  the particle 

diameter. These results can be explained ae follows; for  a given sol ids  

loading and sol ids  density an increase i n  part icle  diameter resul ts  i n  

a reduction i n  the number of particles present with consequences similar 

to those due to increasing the eolids density. An additional factor i n  

t h i s  m e  is the increase i n  part icle  Reynolds number due t o  an increase 

i n  dhueter .  Thia means a decreaae i n  drag coefficient and an increase i n  

HusseLt mber. Ihe drag per part icle  is therefore reduced and the heat 

transfer par part icle  increased f o r  the mite relat ive velocity. The results, 

however, indicate that the reduction i n  the number of particles i a  the more 
important factor. 

4. COHCUISIONS 

A theory TOT a compress'ible mon-equilikcium gas - eoP2ds f loas -fhrough 

g g a t r e o ~ - r l l ; f ~ i ~ ~ ~ ~ e ~ d ~ ~ l o ~ ,  assuming t h a t  -tAe-.f low fa one- 

blrsensiond. The ponders were found to have a significant effect  on the 

d i f fwer  psrfoxmanw, i.e. the Ploy properties through the diffuser such 

as: preeaure, gar, velocity, aolid velocity, gas temperature and solids temp 

eratura were found to depend on the mount of solids in  the mixture, parti- 

ole material deneity, -&icle diameter and the diffuser angle. The resul ts  

indicrrte also that the reduction i n  the numbsr of prrrticles i n  the mixture 

the more impor%nt factor. The thermal stresses were found to  increase 

with an in-ase i n  the diffuser angle. f ina l ly ,  the success or o.thenlise 



of the theoreticdl model used here w i l l  be proved by c m w g i S  Phe resul ts  
of the numerical computation with the ex-prirabntal results, Rhich w i l l  be 

discussed i n  the next part of &is paper, part 11. 
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FIG( 1 ) AN ELEMENTAL LENGTH OF THE FLOW 
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FIG( 2 )  EFFECT OF VAW lNG THE SOLIDS LOADING WTlO 



FIG(~)EFFET OF VARY1 NG THE DIFFUSER TOTAL ANGLE 
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