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I N F L U E N C E  OF H E A T  AND MASS T R A N S F E R  
T H E  D E V E L O P M E N T  OF T W O - D I M E N S I O N A L  
S E P A R A T E D  FLOWS 

O N  

A. A. Prikhod'ko and O. B. Polevoi U DC 532.516:536.24 

The effect of cooling and heating of a streamlined surface, free mass transfer, weak and strong isothermal 

injection, and suction on the development of supersomc turbulent separated flows is considered. The 

influence of the temperature factor and inefficiency ratio parameter on the gas-dynamic and geometric 

characteristics of separated turbulent flows ts estimated. 

1. Introduction. The problem of heat and mass transfer effect in turbulent separated flows is very important 

in the protection on structural elements from high-temperature flows, ceqtroI of flow separation, and optimization 

of aerodynamic forms. So far, integral methods and experiments have played a leading role 11-6 ]. In 13 ] the effect 

of distributed injection on supersonic flow separation with different generators of shock waves is studied to check 

experimentally the concept of "free interaction" under conditions of porous injection. The effect of streamlined 

surface cooling on generation and development of supersonic turbulent separation was studied in [4, 6 I. In turn, 

the means  of c o m p u t a t i o n a l  h y d r o a e r o d y n a m i c s ,  developed at present  and mutual ly  s u p p l e m e n t i n g  the 

experimental approach, allow one to obtain detailed information on the slruclure and characteristics of viscous- 

inviscid separating interactions {2, 5, 7-14 l. 

On the basis of the B e a m - W o r m i n g  method and a modification of improved accuracy of the Steger implicit 

factored scheme, which are realized within the same program package [9, 14 ], we conducted a comparative study 

of the effect of cooling and heating of a streamlined surface and weak distributed mass transfer and also strong 

concentrated injection on the gas-dynamic and geometric characteristics of separated turbulent flows. 

2. Problem Formulat ion.  It is assumed that the employment of the complete nonstat ionary Nav ie r -S tokes  

equations is the most universal and plausible approach in numerical simulation of hydrogas-dynamic  processes. To 

calculate flows in the presence of flow separation and heat and mass transfer we use the notation of initial equations 

in arbi t rary curvilinear coordinates for dimensional variables: 

where 
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In the formulat ion of the boundary condit ions on the inlet loop of the computat ion region the parameters  

of the oncoming  und i s tu rbed  flow were fixed+ An incident  shock wave was gene ra t ed  by a s s ignmen t  of the 

parameters  of the flow behind an oblique shock wave on the upper boundary  of the computat ion region. On the 

out[el portion of the computat ion region, "soft" boundary  condit ions in the form of the absence  of longitudinal  

g rad ien t s  of ga s -dynamic  parameters  were formulated.  On the s t reamlined surface in the boundary  layer  the 

condit ions of st icking and the heal  and mass t ransfer  parameters  were assigned,  and,  moreover,  a boundary  layer  

approximat ion on the absence of a longitudinal pressure gradient  in the viscous sub layer  was used here. Injection 

of a concent ra ted  sound jet (M = 1) was modeled by ass ignment  of the jet parameters  in the corresponding nodes 

of the computat ion grid. 

3. Numerica l  Method. To construct a numerical  algori thm for solving Eqs. t l ) ,  as in [7 ], the derivatives 

for the convective terms were approximated  by central  differences 
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and for the viscous terms by f ini te-difference relat ions of the form 
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On apply ing  approximat ions  (2) and (3) to initial system of Eqs. (1)+ its difference analog will have the 

second o rde r  of accuracy 
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Most of the results given below were obta ined by a difference scheme with improved accuracy.  As in [8 ], 

to construct  the difference scheme we used the operators  
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we arr ive  at the fol lowing d i f fe rence  scheme:  
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Bv vir tue of (1),  the e x p re s s io n  in lhe braces  has the o r d e r  of l / R e  and in genera l  the e r r o r  of s c h e m e  (6) 

is O(Al, Az 3, Az] 4, A ~ ' / R e ,  Ar/%/Re) on a n o n e x t e n d e d  model .  Since,  as usual ,  1 / R e  << mm(Ag~,AT/"),  the s c h e m e  

will be lower  than the four th  o r d e r  th rough  prac t ica l ly  the ent i re  flow region.  

Jacobi  ma t r i ces  A = 0 E / 0 q ,  B = 0 F / 0 q ,  which are  n e c e s s a r y  for l inear iza t ion  of d i f fe rence  s c h e m e  (6) in 

t ime,  have the form 
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where  (1,2 = 0.5(7, - l ) ( u  2 + v2), 0 = klu + k2v. 
tn l i n e a r i z a t i o n  of the v iscous  te rms ,  the mixed  der iva t ives  a re  a p p r o x i m a t e d  a c c o r d i n g  to an  expl ic i t  

A 

scheme;  t he re fo re ,  the Jacobi  m a t r i x  M is wr i t t en  in the fol lowing form: 
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Fig. 1. Flow diagrams. Dependences of the length of the effect against the 

flow and of the position of the separation point on the characteristics of heat 

and mass transfer, l) heat transfer, 0 = 13~ 2) same, 10'~; 3) mass transfer,  

0 = 13~ 4) mass transfer 131; 5) heat transfer 14 l. 

The Jacobi matrix N is written similarly. 

Linearizing the flow vectors with respect to the previous time step and employing approximate factorization, 

we obtain a differcnce equation which has a block-tridiagonal structure and is solved in fractional steps by vector 

sweeps: 

"" hRe-  Ic3~iq "* (A~ + h b ~ A " -  n) (Aq)r~ = 

= - At (A,76~E n + A~5,TF n _ R e -  , _ n) ,  (7) 

" - 1~,7/~1 (A~7 + h ~ B  ,z _ hRe n) Aqn = Aq*n ,  

t l  + I A ,~Z / '~ "I 
q = q  + A q  

where h = At or h = At~2 for the first or second orders of accuracy in time. 

The derivatives in the boundary  conditions were approximated by corresponding explicit and implicit one- 

sided difference operators, 

The considered numerical algorithm is implemented, together with others, by explicit, mixed and implicit 

numerical methods within the framework of a unique package of application programs for solving the Euler and 

Nav ie r -S tokes  equations. All the algorithms were tested on the problem of the interaction between a shock wave 

and a laminar  boundary layer 19, 14 1. 

A comparison of the above-presented algorithm and the Stegcr method showed 1141 that the introduction 

of addit ional  operators A~ and A, 7 does not lead to an appreciable increase in computer time but allows one to obtain 

qualitative solutions on relatively rough grids involving 3 0 - 5 0  nodes in one direction. 

4. Discussion of the Results. We consider the effect of four types of actions associated with dis l r ibuted heat 

and  mass transfer on a separated flow formed as a result of interaction between an oblique shock wave and a 

turbulent  boundary  layer on a plate with a porous section. The oncoming flow parameters are M,~ = 2.9, Rea0 = 

106, 60 = 0.017 m, the angle of flow behind the oblique shock wave O = 7, 10, and 13 ~ The length of the porous 

section was equal to 2 /3  of the length of the computation region. The flow scheme and the computat ion region arc 

shown in Fig. 1. 
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Fig. 2. Dist r ibut ions of pressure and coefficient of friction in interact ion be- 

tween an ob l ique  shock wave and a t u r b u l e n t  b o u n d a r y  layer .  Points ,  

exper iment  112 ]. 

The averaged N a v i e r - S t o k e s  equations closed by a model of eddy viscosity were used as initial  equat ions 

to s tudy supersonic  turbulent  separa ted  flows. In form they do not differ from Eqs. (1). In this case the coefficients 

of viscosity and thermal  conductivi ty are equal to the sum of the molecular  and  eddy  viscosities. 

Severa l  m o d e l s  of e d d y  v iscos i ty  were  used to close sys t em of Eqs. (1).  A lgeb ra i c  m o d e l s  of the 

C e b e c i - S m i t h  [12 ] and  B o l d w i n - L o m a x  [13 ] types and the G l u s h k o - R u b e z i n  and  J o n e s - L a u n d e r  models  of the 

t ransfer  of turbulence character is t ics  [12] were used. 

The  calcula t ions  were per formed on (40 • 35) and  (48 x 40) node grids.  Along the normal  to the 

s t reaml ined  surface,  the nodes of the physical  grid were concentra ted according to a power law, so that  in the 

boundary  layer  there were from 1/2 to 2 /3  of the total number  of points and al lowance for a l aminar  sub l aye r  in 

the turbulent  flow was provided.  Computer  time expendi tures  for the ES-104,5 computer  were 1 0 - 1 5  h per version. 

It should be noted that  for the given problem only two metric coefficients ~x and r/.~, differ  from zero. Since in the 

cons idered  a lgor i thm all four metric coefficients are present ,  the computer  t ime expendi tu res  for the numerical  

exper iment  are  equavalent  to the expendi tures  for the calculation of the development  of a supersonic  turbulent  

separa t ion  for an a rb i t r a ry  configurat ion of the body. 

First ,  flow separa t ion  on an impermeable  plate with different  values of the ratio of surface t empera tu re  Tw 

to recovery t empera tu re  Tr within the range from 0.1 to 1.3 was s tudied I11 ]. In the second case, the injection 

p a r a m e t e r ,  which c h a r a c t e r i z e d  the mass  t r ans f e r  be tween  oncoming  and  in jec ted  t r a n s v e r s e  f lows ,a.~ = 

( p V ) i n j / ( p u ' ) ~  , was varied within the limits of from - 0 . 0 0 5  to +0.00,5 for condit ions of approx imate  heat  insulat ion 

of the plate. The  third type of effects was character ized by injected gas cooling at a fixed value of,a.~o. The  injected 

gas t empera tu re  T i n  j varied within the range of (0.1 - 1.0)T r at Tw/Tr = 1 on the impermeable  port ions of the plate. 

The  last to be modeled  was separa ted  flow on a free porous surface, i.e., in the absence  of pressure  and t empera tu re  

g rad ien t s  and free gas overflow through a porous section ( O p / O y  = O T / ~ y  = ~ v / O y  = 0 ) .  

Analys is  of the resul ts  showed a subs tant ia l  effect of heat  and  mass t ransfe r  condi t ions  on the deve lopment  

of separa ted  supersonic  turbulent  flow (Figs. 1-,5). 

Plate cooling leads  to reduction of the separat ion zone, convergence of the separa t ion  and  r ea t l achmen t  

waves, and  d i sappea rance  of the "plateau" in the pressure dis t r ibut ion.  As the plate t empera tu re  r ises,  the b o u n d a r y  

layer  thickness  increases.  Thickening  of the subsonic region causesfaci l i ta tes  more in tense  t ransfer  of d i s tu rbances  
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A 
viscous terms; n, number of time layer; p, static pressu~ in a flow; Pr, Prandtl number; q, vector of dependent 

variables; Re, Reynolds number; t, time; T, temperature; T, S, vectors of viscous terms; u, v, components of velocity 

vector in Cartesian coordinates; x, y, Cartesian coordinates; ~, r/, curvilinear coordinates related to surface of 
streamlined body; ~x, ~y, r/x, r/y, metric coefficients of the transformation of coordinates; 2, coefficient of bulk 

viscosity ( ,,l -- - 2 / 3 p ) ;  p, density; ,u, dynamic coefficient of viscosity; k, total coefficient of thermal conductivity; 

y, ratio of specific heat capacities; r, shear stresses; c5, central difference operator; A, V, operators of right and left 

differences; A~, At/, steps of uniform coordinate grid toward ~ and r/, respectively; c5 0, initial thickness of boundary 

layer; 0, angle of wedge slope. Indices: j, k, numbers of nodes of computation grid towards ~ and r/, respectively; 

oo, undisturbed flow; 0, parameters of an adiabatically retarded flow; w, wall. 
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