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A method is p resen ted  for  calculat ing gas flow through the s e a m  between two pa r t s  p r e s s e d  
together ,  with considera t ion of contact  in te rac t ion  of mic ro roughness  on the contacting s u r -  
faces  of the pa r t s  as a function of gas p r e s s u r e .  

One of the impor tan t  f ac to r s  s ignif icantly affecting the quality of mach ine ry  and equipment  which uses  a 
gas as an operat ing subs tance  is the amount of loss  through detachable  connections (flanges, s l eeves ,  couplings, 
etc.) .  These losses  a r e  reduced,  and some t imes  el iminated ent i re ly ,  by c o m p r e s s i n g  the meet ing su r f aces  of 
the joint to each o ther  with bolts ,  dowels,  nuts, etc. 

Methods for  calculat ion of the loss  as  a function of the c o m p r e s s i v e  force ,  p rope r t i e s  of the joint m a -  
te r ia l s ,  geomet r i c  cha rac t e r i s t i c s ,  and roughness  p a r a m e t e r s  a r e  p resen ted  in [ 1, 2]. However,  those studies 
do not consider  the d i sp lacement  of the joint su r faces  produced by the p r e s s u r e  of the medium pass ing  through 
it. And, because  of the smal l  s ize  of the gaps through which gas loss  occurs  (of the o r d e r  of tenths of a m i c r o -  
me te r )  even a smal l  d i sp lacement  of the contacting su r faces  signif icantly af fec ts  the amount  of loss .  This  phe-  
nomenon is espec ia l ly  marked  at high gas  p r e s s u r e s ,  which can r each  values of hundreds of MPa in con tem-  
p o r a r y  equipment.  At modera t e  p r e s s u r e s  the effect  is a lso significant when the joint contains a l aye r  of 
highly elast ic  ma te r i a l ,  for  example ,  rubber ,  whose modulus of e las t ic i ty  is five o r d e r s  of magni tude less  than 
that  of meta ls  [3]. 

The goal of the p re sen t  study is to cons t ruc t  a method of calculat ion of the flow through the s e a m  be-  
tween joint components  with considera t ion of the components '  d i sp lacement  by gas  p r e s s u r e .  

We will use  the model p roposed  in [4],  in which the joint cons is t s  of a bundle of winding mic rogaps ,  
fo rmed  by the unevenness  of the contacting su r faces .  Then the gas  m a s s  flow ra te  through the joint can be 
r ep re sen ted  in the f o r m  

It follows f r o m  the equation of s ta te  that 

According to [5]: 

6 = p,~vsF. ( 1 ) 

Pm = Pm~ (2) 
RT 

rlo cos v f - - -  
Ko 

In accordance with [41 we write the following expression for the porosity of the joint: 

H = V/Vr 

and wri te  the volume of the f r ee  space  V and the volume of the joint V c in the fo rm 

Combining Eqs.  (1)-(5) we will have 

(3) 

(4) 

V =  Ah, V~= A,~ . . . .  (5) 

G ~tp,~Fhv cos 
Ko R, TRn~ax (6) 

In the p re sen t  case  the mean veloci ty  v will not be constant  ove r  the length of the gap. It i n c r e a s e s  
gradual ly  because  the gas  p r e s s u r e  fal ls  along the gap length, reducing the d i sp lacemen t  of the contacting s u r -  
faces ,  and hence, the height of the gap. 

Trans la ted  f rom Inzhenerno-Fiz iehesk t i  Zhurnal,  Vol. 42, No. 4, pp .  558-564, Apri l ,  1982. Original  a r t i -  
cle submit ted F e b r u a r y  16, 1981. 

380 0022-0841/82/4204-0380507.50 �9 1982 Plenum Publishing Corpora t ion  



We will l imi t  ou r se lves  to the case  where  the gas flowing through the mic rogap  d isp laces  only one of the 
contacting su r faces ;  this  case  is rea l ized ,  for  example ,  in contact  of a rubbe r  gaske t  with a meta l l i c  joint 
p iece .  In o r d e r  to es tab l i sh  the dependence of mic rogap  height h on p r e s s u r e  p, we wri te  the f o r m e r  as the 
sum of the or iginal  height h0, fo rmed  by contact  of the opposing su r faces ,  and an addition Ah, consis t ing of the 
d i sp lacement  under  gas  p r e s s u r e  of those por t ions  of the su r faces  which a r e  not in contact:  

h (p) = ho + Ah (p). (7) 

In defining the or iginal  height h 0 we will not cons ider  d i sp lacement  due to gas  p r e s s u r e .  There fore ,  the 
method proposed  in [4] may  be used to calcula te  this value, de termining the mean  height of the gap in the joint 
as a function of the loading on the joint, the e las t ic  p rope r t i e s  of the pa r t s ,  and the m i c r o g e o m e t r y  of the con- 
tacting su r f aces .  The load, in turn, depends on the clamping fo rce  and gas p r e s s u r e ,  compensat ing a port ion of 
the clamping force  if there  is no se l f - sea l ing  gasket ,  o r  increas ing  this fo rce  if se l f - sea l ing  occurs ,  and also 
on the th ickness  of the gasket .  

In accordance  with [4],  the express ion  for  the or iginal  height h 0 can be wri t ten in the fo rm 

ho = Rmax(1 - - 0 -  (8) 

Fo r  e las t ic  contact  of the m i c ro roughnes s e s ,  according to [6],  we have 

e = mq ~. (9) 

Here  

[2 V~-Ir (v + 1,5) r 1/2 ~, 
m 

2 2 

i=1 ~ ; r = rF 1 [3 2/(2v+ I). 

In the mos t  genera l  f o rm the contact  p r e s s u r e  q can be r ep re sen ted  by 

q = q0 �9 q~ (10) 

Combining Eqs.  (8) - (10) ,  we obtain 

h 0 = Rma x [ 1 - -  m (q0 q- r ( 11 ) 

An analyt ical  express ion  for  the p r e s s u r e  q0 and the fac tor  q as functions of the joint p a r a m e t e r s  can be 
obtained only by examining the concre te  sys tem.  The fo rm of these  express ions  will be de te rmined  by: the 
fo rm of the gaske t  (plane, toroidal ,  l ens - shaped ,  e tc . ) ; i t s  m a t e r i a l  ( compress ib le ,  for  example,  rubber ,  or  in-  
compre s s ib l e ,  for  example ,  s teel ,  indium, etc . ;  and the p r e sence  or  absence  of se l f - sea l ing .  

Fo r  each combination of the aforement ioned a t t r ibutes ,  functions can be const ructed to desc r ibe  q0 and 
by solving the Lam~ p rob l em  with cor responding  boundary conditions. 

As an example ,  we will cons ider  a joint  in which a plane ring gaske t  of i ncompres s ib l e  ma t e r i a l  is in- 
s ta l led in a groove  of one mat ing par t ,  with the l a t e ra l  sur face  of the gaskets  in contact with the inner  su r face  
of the groove  (Fig. 1) ,  so that se l f - sea l ing  occurs .  We use  the solution of the Lam~ p rob lem for  such a joint 
[7]: 

q o = - - ~  2 - f f + - ~ -  2 - k  H --R, , q~=l .  (12) 

Here  G = R2/R 1. 

Fo r  o ther  cons t ruc t ion  va r i an t s  of the joint the express ions  for  q0 and q~ have a s i m i l a r  cha rac t e r ,  dif-  
fer ing in the considera t ion  of additional fac tors  such as the r ing d i ame te r  when a toroidal  gasket  is used, and 
the fact  that in the absence  of se l f - sea l ing  ~0 < 0. 

Substituting Eq. (12) in Eq. ( 11), we obtain 

h ~  1 3 [  ~_ + __~_ ( 1  2 -k --H-- - - A  )] r 2 Rs _~p~ (13) 
Rt 

As is evident f rom Eq. (13), the bas ic  height of the mic rogap  h 0 i n c r e a s e s  with i nc rea se  in gasket  th ick-  
ness  H and o ther  p a r a m e t e r s  fixed. On the o ther  hand, the value of the additional d i sp lacement  Ah produced by 
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Fig. 1. Diagram of joint. 

Fig. 2. P r e s s u r e  distribution over Inicrogap length: 1) calcu-  
lation with Eq. (17) at h 0 = 0.5 ~in, Pin = 0.03 MPa, L = 5 Inln, 
Sin = 100#in, E 1 = 3.0 MPa, #2 = 0.5; 2) dash-dot  l inear  de- 
pendence of p r e s s u r e  on distance along Inierogap axis. p, 
MPa; x, Inln. 

gas p r e s su re  is pract ical ly  independent of gasket  thickness, as shown by approximate calculations, following 
[8]. Therefore ,  in determining Ah the real  gasket  can be replaced by a selnispace.  Using the solution [9] of 
the problem of displacement  of a rec tangular  port ion of a semispace  with length equal to the length of the slit  
L /cos  ~, to simulate the real  and Inierogap, and with width equal to the slit width Sin, under the action of the 
distributed load, the gas p r e s s u r e  p, we write 

Ah (p) = up, (14) 

where 

3n /- LSm 
u=--~~-~ V cos~ " 

Substituting Eq. (14) in Eq. (7), we obtain 

h(p) = ho + up. (15) 

Now, when we know the form of the Inicrogap height h as a function of p, we can find how the p r e s s u r e  changes 
along the gap, using the differential equation [10] 

O 
Ox 

with boundary conditions 

Solving, we have 

- - [ h 3 ( p ) - ~ - x  ] = 0  (16) 

p (0) = Pin p (L/cos ~) = O, 

p = (h0 + UPin )~ L 

1 

/ (17) 

Figure 2 shows the p r e s s u r e  distribution over  the Inicrogap length, as calculated with Eq. (17). It is ob- 
vious that there  is significant deviation f rom the i ineari ty charac te r i s t i c  of gas flow between contacting s u r -  
faces when movement of the surface  by gas p r e s su re  is negligibly slnall compared to gap height. 

In accordance  with [ 10], we write the following expression for flow velocity:  

v - -ha (P)  Op (18) 
12~ I Ox 

After  substitution in the right side of Eq. (18) the expressions (15) and (17), we obtain 

(h ~ + • [(ho + xpin) ~ - -  h4ol cos 
v = 48~1 • {(ho + riP in) ~ __ xL -~ cos~ [(h o + • ~ -  h4o]} ~/4 "" (19) 
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Fig.  3. Schemat ic  d i a g r a m  of expe r imen ta l  equipment :  
1) r e s e r v o i r  with c o m p r e s s e d  F r e o n - 1 2 ;  2, 8) va lves ;  
3) base;  4) c h a m b e r ;  5) lid; 6) h e m i s p h e r i c a l  coup-  
ling, 7) s c r e w  p r e s s ;  9) GTI -7  flow de tec to r .  

Fig.  4. F r e o n - 1 2  m a s s  flow ra t e  G (10 -8 k g / s e c )  v e r -  
sus  d i f f e rence  of s q u a r e s  of p r e s s u r e s  6p(108Pa 2) fo r  
c o m p r e s s i o n  of  w a s h e r  by A = 0.3 m m  and t h i c k n e s s e s  
H = 4 m m  (1),  3 m m  (2), 2 m m  (3). Curves  a r e  c a l c u -  
la ted with Eq. (22). 

As  is evident  f r o m  Eq. (19),  the mean  gas  ve loc i ty  v changes  along the mic rogap .  Since in the e x p r e s s i o n  
for  flow, Eq. (6),  we have the mean  p r e s s u r e  Pro, then it is obvious that  the ve loc i ty  v should a lso  be ca l cu -  
la ted  fo r  tha t  sec t ion  x , ,  where  the gas  p r e s s u r e  r e a c h e s  the value Pro. Replac ing  the p r e s s u r e  p on the lef t  
s ide of  Eq. (17) with i ts  mean  value P m =  0.5Pin + Pa, we find 

L (h o + • a -  [h o @ }t (0.5pi n + Pa)P 
x ,  cos [ (ho + • )*--h~ (20) 

A f t e r  subs t i tu t ion  of x ,  fo r  x and P m =  0-5pin + Pa for  p on the r igh t  s ide  of  Eq. (19) we obtain 

[(ho + • a - -  h 4] cos[ 
v -- 48n• [G + • (0.5Pin+ Pa)l (21) 

Combining Eqs .  (g) and (21),  we f inal ly obtain 

G = ~tF (Pint 2pa) [(ho @ • r - -  h 41 cos 2 
96 ~I• (22) 

Equat ion  (22) was ve r i f i ed  with expe r imen ta l  appara tus ,  a d i a g r a m  of which is shown in Fig.  3. The ex-  
p e r i m e n t s  w e r e  p e r f o r m e d  in the fol lowing m anne r .  F r e o n - 1 2  was suppl ied to the in te rna l  cavi ty  of  the joint  at  
a p r e s s u r e  Pin, which was v a r i e d  in s teps .  At  each step the gas  loss  was d e t e r m i n e d  with a GTI-7  flow de tec -  
to r  connec ted  to the c h a m b e r  enc los ing  the joint.  

F i g u r e  4 shows the F r e o n - 1 2  m a s s  flow r a t e  as a funct ion of the d i f f e rence  of the s q u a r e s  of  the p r e s -  
s u r e s  5p = (Pin + Pa) 2 _ p2a. As is evident  f r o m  the f igure ,  the dependence  of G on 5p is s igni f icant ly  non-  
l inea r .  This  can  be expla ined by de fo rma t ion  of the sea l ing  m a t e r i a l  under  the ac t ion of gas  p r e s s u r e .  

N O T A T I O N  

G, gas  m a s s - f l o w  r a t e  th rough  s e a m  of joint  s u r f a c e s ;  Pro, m e a n  gas dens i ty  in seam;  vf, f i l t ra t ion  v e -  
loci ty;  F,  c r o s s - s e c t i o n a l  a r e a  of  seam;  Pro, mean  gas  p r e s s u r e  in seam;  ~, m o l e c u l a r  weight  of gas;  R, un i -  
v e r s a l  gas  constant ;  T, absolu te  t e m p e r a t u r e  of gas ;  [I, p o r o s i t y  of seam;  v, mean  ve loc i ty  of gas  flow in ind i -  
vidual  m i c r o g a p ;  ~, m a t h e m a t i c a l  expec tancy  of angle of inc l inat ion of m i c r o g a p  axis  to the n o r m a l  to the faces  
of  the p a r t s  f o r m i n g  the joint  (in the case  where  the axis  d i s t r ibu t ion  ove r  the r ange  (0, ~r/2) is equiprobable ,  
i t  can  be  a s s u m e d  that ~ = ~ /4 ) ;  Ko, e m p i r i c a l  coef f ic ien t  ( K o s e n i - K a r m a n  cons tan t ) ;  V, vo lume  of f r ee  space  
within joint;  Vc, vo lume  of joint; h0, bas ic  height  of  m i c r o g a p  f o r m e d  by con tac t  of opposing joint  su r f ace s ;  
Ah, addi t ion to ba s i c  height  due to d i sp l a c e m e n t  under  gas  p r e s s u r e  of  noncontac t ing  joint  su r f ace  a r ea s ;  Rmax,  
m a x i m u m  height  of roughness  on contac t ing  su r f ace s ;  e, r e l a t ive  app roach  of  mat ing  s u r f a c e s  due to load on 
joint; F ( z ) ,  g a m m a  funct ion of va r i ab l e  z; b, v, p a r a m e t e r s  of r e f e r e n c e  c u r v e  of net  mat ing  s u r f a c e s ;  E i , / q ,  
modulus  of  e l a s t i c i t y  and P o i s s o n  coef f ic ien t  of m a t e r i a l  in i - t h  p a r t  of joint; r i ,  m e a n  rad ius  of c u r v a t u r e  of 

383 



microroughness  of i - th  mating surface;  q, contact  p r e s s u r e  on mating su r face  due to s imul taneous  action of 
external  c o m p r e s s i o n  and gas  p r e s s u r e ;  q0, contact  p r e s s u r e  due to external  compress ion ;  r fac tor  dependent 
on construct ion c h a r a c t e r i s t i c s  of joint and Po i sson  coefficient; Pin, excess  gas p r e s s u r e  in in ternal  joint  
cavity; E~, modulus of e las t ic i ty  of gaske t  mate r ia l ;  A, specif ied compres s ion  of gaske t  in the joint; Rs,  
l a r g e r  radius  of groove in which gaske t  is installed; R1 and R2, outer and inner  radi i  of gaske t  before  ins ta l -  
lation in joint; L, width of gasket;  Sin, mean dis tance between adjacent  mic ro roughness  peaks of mat ing s u r -  
faces;  n, coefficient  dependent on ra t io  L / S m  (tabulated in [9]); x, coordinate  m e a s u r e d  f r o m  inner  face of g a s -  
ket  along microgap  axis; p, cu r r en t  gas p r e s s u r e  in microgap;  x , ,  mic rogap  sect ion in which gas  p r e s s u r e  p 
reaches  its mean value Pro. 
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FLOW AND HEAT- AND MASS-TRANSFER IN A 

THIN FILM ON A FLUTED SURFACE 

Yu. A. Buevich and S. V. Kudymov UDC 532.62:532.592 

A study is made of s teady flows and hea t -  or  m a s s - t r a n s f e r  in a thin liquid f i lm flowing over  a 
sloping fluted su r face  in a d i rec t ion perpendicu la r  to i ts  genera t r ix .  

Most theore t ica l  studies of hydrodynamics  and t r a n s f e r  p r o c e s s e s  in thin liquid f i lms inves t igate  f i lms  
on f iat  subs t r a t e s  (see the survey  in [ 1, 2], for  example . ) .  In p rac t ice ,  var ious  types of fluted su r faces  and 
su r faces  with ragging, threads ,  o r  another  type of a r t i f ic ia l  roughness  a r e  often used to intensify hea t -  and 
m a s s - t r a n s f e r .  Examples  of theoret ica l  ana lys is  of f i lms  on such su r faces  may  be found in [3-7] .  

Works on this subject ,  including [3-7[ ,  usual ly contain a significant  number  of inaccurac ies  and invalid 
assumpt ions .  The main purpose  of the p re sen t  work is t he re fo re  to explain, in a detai led and r igorous  manner ,  
a s m a l l - p a r a m e t e r  method which can be successfu l ly  used to solve p rob l ems  of this type. This  is  done using 
the example  of s teady two-dimensional  flow of a f i lm ove r  a fluted subs t r a t e  with a hor izontal  genera t r ix .  

F o r m u l a t i o n  o f  t h e  P r o b l e m  

Let the middle plane of the fluted su r face  fo rm an angle ~ with the ver t ica l .  We will introduce Car te s i an  
coordinate  axes  } and ~/, oriented,  respec t ive ly ,  in the d i rec t ion  of the pro jec t ion  g onto tMs plane coincident 
with the d i rec t ion of motion, and normal  to the plane. We will desc r ibe  the su r face  using the per iodic  function 
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