
N O T A T I O N  

T, t ime step; h, spatial  step; U(u, v), gas velocity;  n ,  thermal  diffusivity; v, kinematic  viscosi ty;  Cs, 
sound velocity;  ~,  unknown vec tor  function; A, a nonlinear  different ia l  opera to r  matr ix ;  t, t ime; x and y, 
Car tes ian  coordinates ;  p, density; P, p r e s s u r e ;  T, t empera tu re ;  7, adiabatic index; M, Mach number;  Re, 
Reynolds number;  P r ,  Prandt l  number;  Ra, Rayleigh number;  Nu, Nussel t  number;  F r  x and Fry ,  Froude num- 
be r s ;  A, gr id  opera tor ;  E, unity opera tor ;  K, Courant  number;  H 0 and L 0, s izes  of the calculat ion domain; Tl 
and T 2, side wall t empera t f i res ;  p~, gas densi ty at  the cold wall; g, gravi tat ional  accelerat ion;  R, gas constant;  
and ~, dynamic viscosi ty .  
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E F F E C T  O F  C A R B O N  ON H E A T  T R A N S F E R  

T H R O U G H  A P I S T O N  O F  AN I N T E R N A L  

C O M B U S T I O N  E N G I N E  

S. I. Sevast'yanov UDC 536.248 

By analyzing and cor re la t ing  the resu l t s  of the rmomet r i za t ion  of a 11D45 diesel  we es t imate  
the effect  of carbon in oi l -cool ing channels on p a r a m e t e r s  fo r  heat t r ans fe r  through a piston. 

When boosted  diesel  locomotives operate  on group B motor  oils (M-12B, M-14B, etc.) ,  carbon deposits  
f o r m  on cyl inder  and piston components.  Observat ions show that carbon deposits  in the inner cavity of an oi l-  
cooled piston head a r e  pa r t i cu la r ly  harmful  and dangerous.  Heavy carbon deposits  and ineffective decrus ta -  
tion in the oi l-cooling region shor ten the useful l ife of pistons in 2D100, 10D100, 11D45, etc.  d iesels  by a fac-  
tor  of th ree  to four [ 1, 2 ]. 

It is well known that carbon deposits  have an appreciable  effect  on heat t rans fe r ,  yet  in t r ea t i ses  on 
heat  t r ans fe r  in in ternal  combustion engines the effect  of carbon deposits is genera l ly  ignored. This natura l ly  
hampers  the i r  use in p rac t i ca l  problems of increas ing  the re l iabi l i ty  of diesel  locomotives.  

On the bas is  of analysis  and cor re la t ion  of the resu l t s  of the rmomet r i za t ion  of a 11D45 diesel  we es t i -  
mate  the effect  of carbon on heat  t r a n s f e r  through a piston [3-5].  
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TABLE 1. Tempera ture  of Pis ton Head for  an 
Oil Tempera tu re  of 65~ 

Piston head 
material 

Cast  iron 
2Khl3L 
2Kh13L 

I State of oil-cooling 
channel 

No carbon 
No carbon 
0.3-mm carbon 

Surface temp. of 
piston head, *C 

th t e 

435 255 
465 265 
555 250 

TABLE 2. Effect of Thermal  Resis tance of 11D45 Diesel Pis ton 
Head on Heat T rans fe r  

Piston Carbon ]Thermal re- I Av. re- 
head [ thickness, [sistanee, Heat flux, suiting 
matefia~ mm ~ .deg C/ kW/m2 [ temp. of 

lg ases, *C / 

Heat- transfer coeff. 
W / m 2 _  �9 deg C __ 

~b r176 

Cast iron I 0 
2Kh13L ) 0 
2Kh13L 0,3 
2Khl3L 1,2 

3,87.10 - t  
4,91.I0 - t  

II,42.10-4 
30,8.10-4 

465 
407 
267 
162 

680 
680 
750 
850 

1900 
1900 
1370 
1080 

2550 
2030 
1440 
1200 

Dual thermoeouples  were  embedded in the cent ra l  port ion of a 12-ram-thick piston head at a distance of 
40 m m  f rom the piston axis. The par t  of the piston head nea r  the thermoeouples  can be considered a portion 
of a fiat wall with the heat  flux normal  to the surface.  The piston heads were  made of h igh-s t rength cas t  i ron 
and of a hea t - r e s i s t an t  steel  alloy (2Kh13L). Table I l is ts  the t empera tures  of the heated t h and oi l -cooled 
t c sur faces  of the piston heads when the 11D45 diesel  operates  at nominal power (N e = 3000 hp, n = 750 rpm) 
with no carbon deposi t  on the piston heads. 

The tempera tu re  of the steel  head in the exper iment  was somewhat higher  than that of the cas t  i ron head 
as a resu l t  of the difference in thermal  conductivities of the mater ia ls .  In the f i r s t  hours  of experiment  with 
the diesel  there was a tendency for  the t empera tu re  of the steel  head to r i se  higher  than that of the eas t  iron. 
The t empera tu re  of the cooled side of the cas t  i ron piston head was 10-12~ lower than that of the steel  head, 
but this difference is important  for  the carbon deposit ion p rocess  in the 0i l-cooling channels of the pistons of 
a boosted diesel  locomotive [ 1, 2]. For  this reason  carbon was deposited more  rapidly on the steel  than on 
the cas t  i ron piston head in the f i r s t  hours of operation. 

The data of Table 1 were  subjected to graphicoanalyt ic  processing.  The numer ica l  values of the t emper -  
ature of the heated and cooled sur faces  of the piston head were  t r ans fe r red  (on an appropriate  scale) to a 
plotting table whose coordinate axes were  thermal  res i s t ance  and temperature .  The quantities in Fig. I with 
a single p r ime  re fe r  to the cas t  iron head, and those with a double p r ime  to the steel  head. The width of the 
rectangles  on the plotting table is propor t ional  to the thermal  res i s tance  of the cas t  i ron (51:~ t) and steel  
(62 :h2) heads near  the dual thermocouples .  The values of the tempera ture  th and t c plotted on rectangles  
a re  connected by s t ra ight  lines. The slope of the s t ra ight  lines is proport ional  to the heat flux q in the vicin-  
ity of the thermoeouples  [6 ]. 

The heat flux and the hea t - t r ans fe r  coefficients ~b f rom the hot gases  to the piston head, and ok) f rom 
the head to the cooling oil a re  calculated f rom the Four i e r  equation for a flat wall: 

q ----- r - - t h )  -- -~-  (th - -~c ) ----- ~oite --tok (1) 

The resul t s  of graphicoanalyt ie  p rocess ing  of the data of Table 1 and Fig. 1 are  listed in Table 2. 

Since the s t ra ight  line for  the cas t  i ron piston head is s teeper  than that for  the 2Khl3L steel  head (ql > 
q2), these lines in te r sec t  at the point Tav when prolonged (Fig. 1). This point cha rac t e r i ze s  the average 
equivalent t empera tu re  of gases  in the 11D45 diesel  cyl inder  with r e spec t  to heat  t r ans fe r  in the absence of 
carbon deposition on the piston surfaces .  The problem of determining this t empera tu re  and the h e a t - t r a n s f e r  
coefficients o~ b and a o is r a the r  complicated.  The graphicoanalyt ic  method descr ibed  above significantly 
simplif ies  finding the main cha rac t e r i s t i c s  of s teady-s ta te  heat  t r ans fe r  in internal  combustion engines. To 
do this it is n e c e s s a r y  to pe r fo rm  a b r ie f  the rmomet r iza t ion  of two or  three  pistons with different thermal  
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Fig. 1. Effect of thermal  res i s tance  of 11D45 
diesel  piston head on heat t r ans fe r .  
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Fig. 2. Effect on heat t ransfer  of carbon in 
oi l -cool ing channels of a 11D45 diesel  piston. 

r e s i s t ances  of the piston heads in the same engine. After  this the resul ts  obtained are  analyzed and c o r r e -  
lated by the procedure  d iscussed  above. 

The problem under considerat ion can also be solved by using a single piston with dual thermocouples.  
To do this the t empera tu res  t h and tc are  f i r s t  determined for a clean piston without a carbon deposit. Then 
the exper iment  is continued until the t empera tu re  of the heated surface  of the piston head increases  100- 
120~ as a resu l t  of carbon deposition in the oi l-cooling channels. 

Under the actual experimental  conditions with the 11D45 diesel  it was found that a 0 .3-ram-thick carbon 
deposit  on the cooled side of the steel  piston head increased  the tempera ture  of the heated surface by 90~ 
The thermal  conductivity of the carbon deposit  was ~ = 0.46 W/re. deg C [ 1]. Consequently, the total thermal  
res i s tance  of the piston head in the vicinity of the dual thermocouples was increased  by 6 : ~ = 6.5" 10- 4 m 2 . 
deg C/W. 
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The t e m p e r a t u r e  of the inner  su r f ace  of the pis ton head under  the ca rbon  l aye r  is not included in the 
t h e r m o m e t r i z a t i o n  readings .  The t e m p e r a t u r e  of the ca rbon  su r face  toward the cooling oil gradual ly  d e c r e a s e d  
dur ing the opera t ion  of the engine. Studies [ 1, 2 ] showed that in the init ial  pe r iod  of opera t ion  of the engine, 
when the inner  su r f ace  was f r ee  of l acquer  and ca rbon  deposi ts ,  ca rbon  deposi t ion was pa r t i cu l a r l y  rapid  
when the cooling oil c a m e  in contac t  with the me ta l  su r face  of the piston head. But as soon as the me ta l  s u r -  
face  of the p is ton head was s e p a r a t e d  f r o m  the cooling oil by a ca rbon  layer ,  the ra te  of ca rbon  deposi t ion 
slowed down. As the th ickness  of the carbon l a y e r  on the inside of the pis ton head i n c r e a s e s ,  the t e m p e r a t u r e  
of the me ta l  i n c r e a s e s ,  and the t e m p e r a t u r e  of the ca rbon  on the side of the cooling oil fa l ls ,  which leads to 
fu r the r  r e t a rda t ion  of the ca rbon  fo rma t ion  p r o c e s s .  Final ly  there  comes  a t ime  when the ca rbon  l aye r  exe r t s  
so l a rge  a t h e r m a l  insulat ing effect  that  ca rbon  fo rma t ion  p rac t i ca l l y  stops.  If the d iese l  opera tes  on M-14B 
oil, ca rbon  fo rma t ion  in the o i l -cool ing channels  s tops at  a t e m p e r a t u r e  of 200~ and when opera t ing with 
IVI-14V2 and 1Vil4Vts ca rbon  deposi t ion s tops at  218 and 258~ r e spec t ive ly  [1, 2]. 

Observa t ions  show that  when the ca rbon  deposi t  in the off-cool ing channels  of a 11D45 d iese l  piston is  
0.3 m m  thick the t e m p e r a t u r e  of the ca rbon  su r f ace  toward the cooling oil is 250~ ins tead of 265~ when 
the re  was no ca rbon  (Table  1). 

TT rl 

As in the f i r s t  ca se ,  the values  obtained for  t~ and t~ (clean piston) and t h and t c (piston with c a r -  
bon) we re  plot ted on the p lo t t ing tab le  and connected by s t r a igh t  l ines.  It  is c l e a r  f r o m  Fig. 2 that the s t r a igh t  
l ines i n t e r s e c t  at  the point Tav  = 750~ ins tead of 680~ for  a c lean piston. The r e su l t s  of the g raph icoana-  
lyt ic  ca lcu la t ions  given in Table  2 show that  a 0 . 3 - m m  carbon deposi t  in the o i l -cool ing  channels  of a 11D45 
d iese l  led to a d e c r e a s e  in the hea t  flux by  a f ac to r  of 1.5, and to an i nc r ea se  in the ave rage  resu l t ing  t e m -  
p e r a t u r e  by  70~ 

The 500-600 h t e s t s  on 2D100 and 11D45 d iese l s  using low-su l fu r  fuel, and oils with c o m m e r c i a l  addi- 
t ives ,  showed that  the ma in  opera t ing  p a r a m e t e r s  of the engines were  not changed. On the o ther  hand, in 
t e s t s  on d iese l s  opera t ing  with h igh-su l fur  fuel, rapid  ca rbon  deposit ion was obse rved  on cyl inder  and pis ton 
components ,  the specif ic  fuel consumpt ion was i nc rea sed  by 2-3 g / h p - h  (elf.), and the t e m p e r a t u r e  of the ex-  
haust  gases  was i n c r e a s e d  by 60-70~ It  is quite c l e a r  that in this ca se  the ave rage  resu l t ing  t e m p e r a t u r e  
of the ga se s  was i n c r e a s e d  s t i l l  more .  Consequently,  the worsening  of hea t  t r a n s f e r  because  of carbon depo- 
s i t ion on cyl inder  and pis ton components  is the main  r e a s o n  for  the d e c r e a s e  in hea t  flux through the wall  of 
the engine combust ion  c h a m b e r  and the i nc rea se  in the ave rage  resu l t ing  t e m p e r a t u r e  of the gases  in the 
cyl inder .  

Af te r  2000-2500 h of opera t ion  of the 11D45 d iese l  on M-14B oil, and fuel with a 0.3-0.5% sulfur  con- 
tent, the th ickness  of the ca rbon  deposi t  in the o i l -cool ing  channels  r eached  1.2-1.3 ram, and the t he rma l  r e -  
s i s t ance  of the pis ton head was six to seven  t imes  as  l a rge  as  that  of a c lean p is ton [1]. The heat - insula t ing  
ef fec t  of the ca rbon  depos i t  i n c r e a s e s  the t e m p e r a t u r e  of the pis ton to a value at  which burnout  of the hea t -  
r e s i s t a n t  1Khl3L s tee l  al loy o c c u r s  (~700~ Simultaneously  with the i nc r ea se  in t e m p e r a t u r e  of the me ta l  
p is ton head the re  is  a d e c r e a s e  in the t e m p e r a t u r e  of the su r face  of the ca rbon  deposi t  toward the cooling oil 

to 200~ I l l .  

If it is a s sumed  that the t e m p e r a t u r e  of the heated su r face  of the pis ton head is 700~ and that of the 
su r f ace  toward  the cooling oil is  200~C, for  a sixfold i n c r e a s e  of the t h e r m a l  r e s i s t a n c e  of the pis ton head 
the heat  flux through the pis ton is 162 kW/m 2 (Table  2). Calculat ions with Eq. (1) show that  in this case  the 
h e a t - t r a n s f e r  coeff ic ients  O~b and (~o a r e  1080 and 1200 W / m  2. deg C, r espec t ive ly .  Thus, a ca rbon  deposi t  
in the o i l -cool ing  channels  of a pis ton in boos ted  d iese l  locomot ives  c ause s  s ignif icant  changes not only in 
the t e m p e r a t u r e  conditions and the heat  flux through the pis ton head, but a lso  in the h e a t - t r a n s f e r  coeff icients  
a% and o~ o as c o m p a r e d  with opera t ion  with a c lean piston. 

NOTATION 

Tav, ave r age  resu l t ing  t e m p e r a t u r e  of ga se s  in engine cyl inder ;  t h,  t e m p e r a t u r e  of heated su r face  of 
pis ton head; tc, t e m p e r a t u r e  of o i l -cooled  s u r f ace  of pis ton head; t o, t e m p e r a t u r e  of cooling oil; q, heat  flux 
through piston;  5, th ickness  of pis ton head; X, t h e r m a l  conductivity of pis ton head; ab ,  h e a t - t r a n s f e r  coef-  
f ic ient  f r o m  gase s  to head; So, h e a t - t r a n s f e r  coeff icient  f r o m  pis ton head to oil. 
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S O L U T I O N  O F  N O N A U T O M O D E L E D  P R O B L E M S  

O F  B O U N D A R Y - L A Y E R  T H E O R Y  T A K I N G  I N T O  

A C C O U N T  N O N S T A T I O N A R Y  C O N J U G A T E  H E A T  

E X C H A N G E  A N D  B L O W I N G  

V" I .  Z i n c h e n k o  a n d  E .  G.  T r o f i m c h u k  UDC 532.526.2 

The r e su l t s  of an invest igat ion of conjugate heat  exchange when a supersonic  flow of gas  flows 
around a spher i ca l  shell  when gas  blows f r o m  the su r face  of the m a t e r i a l  a r e  presented .  

Theore t i ca l  and exper imen ta l  invest igat ions [ 1] of the effect  of blowing on heat  flows to the su r face  of 
bodies  lead to p ro b l em s  of the supersonic  flow of a pe r f ec t  gas  around a porous  o r  pe r fo ra t ed  spher i ca l  shell.  
Because  of the need to take into account  the iner t ia  of the heat  t r a n s f e r  in the shel l  m a t e r i a l  one mus t  solve a 
combined heat  and m a s s  t r a n s f e r  p rob lem,  since when the blowing law of the contour of the body is ass igned 
a r b i t r a r i l y ,  the h e a t - t r a n s f e r  coeff ic ient  will be the requ i red  function of the p r o c e s s  and it is difficult  to use  a 
s epa ra t e  formulat ion.  

As in [ 2 -4 ] ,  which a r e  devoted to calculat ing conjugate heat  exchange in the boundary layer ,  we con-  
s ide red  a s y s t e m  of nonautomodeled equations of  the boundary layer ,  we used the nons ta t ionary  equation of 
heat  conduction for  the m a t e r i a l  of the body, taking poros i ty  into account, and on the boundary of sepa ra t ion  of 
the media  we used the condition of conserva t ion  of energy.  

Consider  the s y s t e m  of equations of the l amina r  boundary l aye r  [4] 

an o~ ] + I - -  + ~ _ o l a v  av aF 
- -  O~l ~- ~ \ O~l / J On a~laS a~l ~ Os 

a z__ao] ao o .  al l~ + ~  (2) 

The equation of conserva t ion  of ene rgy  in a solid porous  body, a s suming  the p r o c e s s  to be one -d imen-  
sional ,  and that  the med ium is at the s a m e  t empe ra tu r e ,  has the f o r m  

�9 ~p O0, 0 (~  a o , ~  00, [V'R'ePr ~eo (pv--)w 1 2 2 _ _ ]  
az - abq 0--~-~ ) - F  ~ Z,, r z z~(1--b',) " (3) 

We used a natura l  system of coordina tes  when wri t ing Eqs. (1)-(3).  The coordinate  Yl for  the body is 
d i rec ted  into the m a t e r i a l  no rm a l  to the sur face .  We a s sumed  that ( 1 -  Y l)2 (pv )g9  = (pv) g w g w  within the 
po re s  of the ma t e r i a l  because  of our assumpt ion  of the quas i s t a t iona ry  nature  of the equation of continuity [5 ]. 
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