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In calculating the exchange of gases in internal combustion engines we employ a number  of exper imen-  
tal coefficients and the choice for  the values of these coefficients depends in considerable measure  on match-  
ing the theoret ical  data to the experiment .  One such coefficient is the f low-rate  factor  #ex of the exhausts,  
the magnitude of this factor  varying over  a wide range during the period of the gas exchange [1]; however,  
its average value is frequently assumed in calculations.  The factor  Pex as a function of its determining 
pa ramete r s  has not yet  been studied adequately. 

If we assume a relat ionship between the hydraulic res i s tance  ~ex and the f low-rate  factor  #ex in the 
form 

1 ~ _ _ ,  (z) 
~ex---- V' .~ex + 1 

when there  is no swirl ing of the flow in the engine cylinder,  and given the relationships between the round- 
off radius for the leading edge and the hydraulic d iameter  of the exhaust - which are  usual for engines with 
s t ra ight l ine-s l i t  air  passage - t h e  coefficient #exun must be of the o rder  of 0.85-0.92 [2]. However, for 
swirling flow the value of/~ex, calculated f rom the indicator d iagrams [1, 3], drops to 0.5 at cer ta in  periods 
of the cycle.  Thus during anexhaus t - i n t ake  cycle we have /Zex <- Pexun- 

TO clar i fy the effect of flow swirl ing on the f low-rate  factor  of the exhausts,  we per formed exper i -  
ments on a "cold" static model whose d iagram is shown in Fig. 1. 

A i r  is forced by means of venti lator 3 into r ece ive r  5 through col lector  1, cal ibrated to measure  the 
flow rate,  and through diffuser 2. To eliminate rotation of the a i r  in the rece iver ,  we installed nozzle dia-  
phragm 4. The air  was then passed through rotor  7 and connection tube 8 (which in conjunction with the ro tor  
formed the blower sleeve), f rom which it reached exhaust sleeve 9 of the f ree - rec ip roca t ing  OR-95 gas gen-  
e ra to r  exhibiting 12 exhausts positioned uniformly about the c i rcumference ,  with parallel  side wails without 
tangential inclination. 

The velocity fields at the center  normal  c ross  section of the cylinder were measured  with a t h ree -  
channel probe 11, and the static p r e s su re s  were measured at the walls of the col lector ,  the rece iver ,  the 
connecting tube, and at the exhausts.  

The ro to r  enabled us to a l ter  the flow inlet angle/3 t (with respect  to the radius) f rom 0 to 45 ~ Buckets 
12 rotated on shafts 13 through the action of movable disk 14 into which the bucket-a t tachment  slots 15 had 
been cut. The slots were positioned so that the buckets,  on turning, remain pairwise paral lel  to each other.  
The pairs  of nonparallel  buckets are  entirely covered with a thin rubber  cuff 16 to prevent  the passage of 
a ir  between them. The bucket thicknesses and the curvature  radii for their  leading edges were chosen so 
that the conditions of flow entry and discharge would be independent of the setting angle for the diaphragm. 
The depth of the result ing channels for  all bucket-set t ing angles was g rea te r  than the width of the buckets.  
Pistons 6 and 10 were  able to occupy various fixed positions.  

The experiments  were per formed at Reynolds numbers  of 0.36 �9 105 <- Re - 1.1 �9 105, based on the 
pa ramete r s  of the flow at the exhausts,  which is in agreement  with the se l f - s imi la r i ty  region for the flow- 
rate  coefficients.  
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Fig. 1. Diagram of the experimental  installation. 

The f low-rate  coefficient is defined as the ratio of the true mass flow rate Gg of the air  to the theo-  
ret ical  possible flow rate G m for a given difference of static p re s su re s :  

6g (2) 
[ ' [ e X  ~ - -  6m 

Wind-tunnel tests  at f low-entry angles between 0 and 45 ~ (in intervals of 5 ~ demonstrated that the 
distributions of the tangential velocit ies along the radius of the cylinder (Fig. 2a) for completely open air  
passages  are  close to the quantitative relationships governing potential flow with constant circulat ion of 
the velocity vector  [4]. The flow of the air  in the region of the exhausts is regarded as a resul t  of the fact 
that a plane potential vortex has been superposed on the flat source.  

We found that the f low-rate  coefficient is a function of the F /Q ratio (the vortex intensity to the power 
of the source):  

The vortex intensity for completely opened a i r  passages  is calculated with the formula 

Fo = 2nRW/t sin [~1- (4) 

The power of the source  is calculated with the formula 

Q = 2nRW~. (5) 

By al ternat ingthe bucket-set t ing angle and the fan output we were able to achieve a number  of F /Q  
ratios in the range 0 -< F /Q -< 0.7. For  each of these we found the value of the relative f low-rate  coefficient 

~ 'ex=  ,U, ex (6) 

The magnitude of #exun is determined exclusively by the relationship between the geometr ic  p a r a m -  
eters  of the exhaust without flow swirl ing at the inlet to the exhaust [2]. The relat ive f low-rate  coefficient 
#exun as a function of the F/Q ratio for completely open air  passages  11 = 0.7 R in length is given by the 
formula 

~ex= 1 - -  1.17 ~ , Q (7) 

whose agreement  with the experimental  data can be seen f rom Fig: 3 (curve 5). However, as will be dem-  
onstrated below, this quantitative relationship is retained even for part ly open air  passages ,  so that we 
have dropped the subscr ip t  0 for the pa ramete r  F. 

The values of F /Q for engine designs with s t ra ight- l ine  slotted air  passage fall within the range in 
which the experiments were ca r r i ed  out. 
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Fig. 2. Distr ibut ion of the tangential  veloci ty  over  the radius of the cy l -  
inder  (the a i r  pa s s ages  are :  a) 100% open; b) 50% open; c) 25% open; 1) 
f~l = 40~ 2) 30~ 3) 20 ~ . 

Fig. 3. The angle f12 (1) and the re la t ive  f low-ra te  coefficient  as functions 
of the p a r a m e t e r  F / Q  for  exhausts  without tangential  inclination (2-5) and 
for  windows set  in at an angle of 30 ~ (6) (exhausts without tangential  in-  
clination a re  100% open when the a i r  pa s sages  a re  25% open (2); 50% open 
(3); 75% open (4); 100% (5); a) fil = 0~ b) 10~ c) 20~ d) 30~ e) 40~ f) 5~ 
g) 15~ h) 25~ i) 35~ j) 45 ~ . 

It is impor tant  to note that  it is only because  of the swirl ing of the flow in the engine cyl inder  that the 
f low-ra te  coefficient  for  the exhausts  va r i e s  by a fac tor  of a lmos t  two, since with all o ther  conditions being 
equal,  the intensi ty of the vor t i ca l  motion in the cyl inder ,  governing the inlet condition at the exhausts ,  
plays a decis ive  ro le  in the hydraul ic  r e s i s t ance  of the exhaust .  

It is t he re fo re  of p rac t i ca l  in te res t  to r a i s e  the f low- ra te  coeff icients  for  the exhausts  by matching 
the i r  set t ing angles with the k inemat ics  of the flow reaching  the exhausts  f r o m  the cyl inder .  

The choice of the angle of tangential  inclination for  the a i r  pa s sages  and the cor responding  c i rcula t ion 
a r e  genera l ly  based  on the conditions of s a t i s f ac to ry  mixing, the extent to which the cyl inder  has been 
c leansed of the products  of combust ion during the passage  of the a i r ,  etc.  The power of the flat source  Q 
is comple te ly  de te rmined  by the quantity of gas pass ing  through the engine cyl inder .  

To de te rmine  the op t imum angle of tangential  inclination for  the exhaust ,  whenthe F /Q  ra t io  has been 
specif ied,  it is convenient to employ the r ecommenda t ions  of gas dynamics  for  potential  flow, according to 
which the exhaust  walls  must  l ine up with the s t r eaml ine s  of the vor tex  source .  In the case  under  cons ide ra -  
tion, such lines a re  fo rmed  by logar i thmic  sp i r a l s  [5], which are  descr ibed  by the equation 

r = C exp (-Q- q) ) . (8) 

The angle between the radius  and the s t r eaml ine  of the vor tex  source  is 

82 = arc tg Q . (9) 

Thus an opt imum angle of tangential  inclination for  the exhausts  co r re sponds  to each angle of tangen-  
t ial  inclination for  the a i r  pa s sages .  This angle can be calculated f r o m  (9) or  it can be taken f r o m  curve  1 
in Fig. 3. 
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These re la t ionships  have been derived without considera t ion  of compress ib i l i t y .  During the per iod 
of f ree  exhaust,  when the effect  of compress ib i l i t y  is pa r t i cu la r ly  pronounced, the swir l ing  of the flow has 
li t t le effect  on the losses  at the exhausts .  However ,  in the remain ing  per iods  of gas exchange the p r e s s u r e  
d i f ferences  a c ro s s  the exhausts  a re  slight and it is p e r m i s s i b l e  to employ the quantitative re la t ionships  
governing  the flow of an incompress ib l e  fluid. 

In p rac t i ca l  t e r m s ,  it is difficult to shape each of the two walls  of the or i f ice  differently.  It is suf -  
ficient that the axis of the exhaust  is tangent to the s t r eaml ine  of the potential  flow at the inlet, and that the 
side walls a r e  made para l le l .  

In engines with opposed pis tons,  the piston phases  a re  shifted through some  angle to provide  for  a 
be t t e r  operat ing cycle .  

In this connection, we p e r f o r m e d  exper iments  to c la r i fy  the effect exer ted  on the intensity of the v o r t i -  
cal motion in a cyl inder  by the shift ing of the exhaust  piston during the t ime  that the a i r - supp ly  piston oc -  
cupied a number  of s table  posi t ions.  The exper iments  demons t ra ted  that the prof i le  of the tangential  ve loc i -  
t ies  W~ in the cyl inder  is governed ent i re ly  by the posit ion of the a i r - supp ly  piston,  while the posit ion of 
the exhaust  piston seemingly  governs  the changes in the sca le  of the veloci t ies  plotted on the prof i le ,  in 
propor t ion  to the volume flow ra te  of the a i r  through the cyl inder .  

As the a i r - supp ly  piston is shifted through the or i f ice  the re  is a change in the distr ibution of the t an -  
gential ve loci t ies  along the cyl inder  radius  (Fig. 2b and c). 

The intensity of the vor tex  can the re fo re  be calculated f rom formula  (4) only for  a i r  pa s sages  that 
a re  comple te ly  open. In the remain ing  cases ,  the intensi ty of the vor tex  is lower and can be de te rmined  
only with considera t ion of the deformat ion  of the veloci ty  prof i les .  

To de te rmine  the vor tex  intensity in the cyl inder  with par t ly  opened a i r  pa s sages ,  we approximated  
the prof i les  of the tangential  ve loci t ies  which we obtained in the exper imen t s  by means  of the re la t ionship 

P~ [1 _ exp ( _  kr2)]. (10) 

Relationship (10) was chosen because  th e prof i les  of the tangential  ve loc i t ies ,  obtained for  var ious  
lengths of the open port ion of the a i r  pa s sages ,  a re  analogous to the prof i les  of the veloci t ies  induced by the 
instantaneous diss ipat ing vor tex  in a viscous  liquid for  var ious  in tervals  of t ime  [6]. 

On the bas i s  of exper imenta l  data,  following the Gauss -Se ide l  method on a Nair i  digital computer ,  
for  each posit ion of the a i r - supp ly  piston we found F v and k. The unknown intensi ty of the fiat ideal vor tex  
is given by 

R 

f P ~ 2~rWx = 1._ F, [1 - -  exp (-- kr~)] dr. (11) 
R . 

0 

The calculat ions a re  s impl i f ied if we make use  of the fact that 

R 

,(l exp(--kr2)dr = V ~ k  (1)(R; ~). 
0 

Here  ~ is a probabi l i ty  function of the f o r m  

=_ 
0 

The prof i les  of the tangential  ve loci t ies  calculated with formula  (10) a re  shown in solid l ines on Fig. 2 
in the f o r m  WT = WT/WI* Calculations with fo rmula  (11) showed that for  comple te ly  open a i r  pa s sag es  the 
values of the vor tex  intensity in the cyl inder  coincide with those Calculated f rom formula  (4). As the p a s -  
sages  a re  closed,  the intensi ty of the vor tex  diminishes ,  while the intensity ra t ios  calculated f r o m  formula  
(4) and f rom fo rmula  (11) a re  independent of the angle of flow entry  and a re  comple te ly  governed by the 
re la t ive  length of the open port ion of the pas sages .  Numerous exper imen t s  have demons t ra ted  that the 
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vortex intensity is proport ional  to the re la t ive  length of the open portion of the air passages  and is in sa t i s -  
factory agreement  with the formula 

F = P0T. (12) 

The values of the relat ive f low-rate  coefficients for the exhausts,  given part ial ly opened air  passages ,  
have been calculated f rom formula (7), in conjunction with (12) and they have been plotted in Fig. 3 (curves 
2-4). Here we also find plotted the values of Pex for  the part ly closed exhausts in the presence  of complete-  
ly open air  passages  (these symbols  are  identified with an overscore) .  

Having substituted the values of Q and I" from. (5) and (12) into (7), assuming 

/ / - - - - -  r 2 AP2 Wi~ = 2 API W2,, ' ]// 
Pt P2 

~ i  ~ ~)2, 

which can be assumed for  the period of the air  supply, and noting that W 1 = WimPs , we obtain an analytically 
extremely convenient relationship between Pex and its determining pa ramete r s :  

- ~ / "  A P t  - . t%x = 1 - -  1.17 ~ /  ~ ll~t ,sm ~l. (13) 

The sa t i s fac tory  agreement  between the ~ex values f rom the experiments and those calculated with the 
formula  for completely and part ial ly open air  passages  provides the basis for our recommendat ion of the 
following scheme of calculating the f low-rate  coefficients for exhausts without tangential inclination in en-  
gines with s t ra ight - l ine  slotted air  supply. 

We have to determine the coefficient /~exum for an unswirled flow (i.e., for static passage of a ir  or,  
for example, according to the data of [2]), we have to calculate the power of the source  f rom formula  (5), 
and we have to calculate the intensity of the vortex in the cyl inder  with formula  (12). w e  then have to use 
the F/Q ratio and formulas (7) and (6) to find the f low-rate  coefficients #--ex and /%x for  the exhausts.  The 
maximum value of t~ex can be achieved if the angle of the tangential inclination for the exhausts is chosen 
according to formula (9) or f rom curve 1 in Fig. 3. 

The F /Q ratio var ies  during the cycle and its values differ for identical positions of the piston in the 
forward and reverse  s t rokes .  

In pract ica l  t e rms ,  the angle for  the tangential inclination of the exhausts may be constant over  their  
length, or  it may vary,  but in this case we must proceed f rom the condition of minimum total hydraulic 
losses  during the cycle.  

Let us note that for F/Q values close to zero  (for example, at the instant of free exhaust), the flow- 
rate coefficients for the exhausts are  vir tually independent of the angle of tangential inclination and these 
can be determined in prec ise ly  the same manner  as for the case of discharge f rom a r e s e r v o i r  through 
equivalent or i f ices  as,  for example, according to the data of [2]. The values of the f low-rate  coefficients 
found in ibis manner for  the var ious ly  shaped exhausts are  comparat ively  high (0.85-0.92) and they are  in 
good agreement  with the magnitudes of Pex during the period of free exhaust, as calculated f rom the indi- 
ca tor  d iagrams for  the 2D100 diesel [1], the GS-34 f ree-p is ton  gas genera tor  [3], and s imi la r  engines. 

It is obvious that having determined the coefficient Pex and the source power Q f rom the indicator 
d iagrams,  we can calculate with (6) and (7) the intensity of the vortex motion in the air ,  as well as its angu- 
lar  momentum. 

This method can be used to calculate the f low-rate  coefficients for the exhausts of engines operating 
in various regimes ,  since experiments  have demonstrated that the direction of the absolute-veloci ty  vector  
at any of the radii of the cyl inder  is independent of the volume flow rate of air  through that cylinder and 
that it remains  constant for each position of the piston controll ing the passage of air;  however,  the magni-  
tude of the vec tor  is proport ional  to the volume flow rate.  

This is in agreement  with the conclusions of [7], to the effect that the change in tangential velocity is 
proport ional  to engine revolutions.  

The f low-rate  coefficients calculated f rom the indicator d iagrams are  shown in Fig. 4 for  the exhausts 
of f ree-pis ton gas genera tors  whose side walls exhibit no tangential inclination, while the air  passages  are  
inclined at an angle of 30 ~ 
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Fig. 4. Change in the f low-rate  coeff i -  
cients for the exhausts of a f ree-p is ton  
gas genera tor  within a cycle (the solid 
curve represents  the data of [3], while the 
dashed curve  is plotted according to fo r -  
mula (6)); I ) f o r w a r d  stroke; I1) r everse  
stroke.  

We find agreement  for #ex values on the expansion line 
and we find divergence on the compress ion  line. It is noted 
in [3] that the coefficients #ex on the expansion lines have 
been calculated, while those on the compress ion  lines are 
assumed to be symmet r ica l  to the fo rmer .  

In conclusion let us examine the results  derived in 
experiments with a sleeve whose exhausts  have parallel  side 
wails inclined at an angle of 30 ~ . 

Figure 3 shows the quantitative relat ionship governing 
the change in the relative f low-rate  coefficients for com-  
pletely opened exhausts for various values of the F/Q ratio 
(the a i r  passages  are  completely opened). Line 6 c o r r e -  
sponds to the Pex values calculated f rom the static p r e s -  
sures  at the cyl inder  wall, if these are  measured ,  as is 
usual, at the midsection of the cyl inder  (by means of noz-  

zles). It is c lea r  f rom these resul ts  that appropriate  tangential inclination of the exhausts can markedly 
increase their  f low-rate  coefficients.  

Pex un 
/~ex, Pex 
#s 
~ex 

R e  

Gm, Gg 
F, Fv 
Q 

r, R 

Wt, Wl m 

W2 m 

C 
W,-r, We" 

~Pl, AP2 

Pl, P2 
g 

N O T A T I O N  

is the f low-rate  coefficient for  the exhausts with unswirled flow; 
are,  respect ively,  the true and relative f low-rate  coefficients of the exhausts; 
is the f low-rate  coefficient for the air  passages;  
is the coefficient of hydraulic res is tance  for  the exhausts; 
a re  the tangential angles of inclination for  the air  passages  and the exhausts,  respect ively,  
in tad; 
is the Reynolds number;  
are ,  respectively,  the theoret ical  and actual mass flow rates for the air;  
are ,  respect ively,  the vortex intensities in the ideal and viscous fluids; 
is the power of a fiat source;  
are ,  respect ively,  the instantaneous and inside radii of the cylinder; 
are  the actual and theoret ical  velocit ies in the a i r  passages;  
is the theoret ical  velocity in the exhausts; 

are  the actual and relative lengths of the open portion of the a i r  passages  and the exhausts,  
respectively;  
is a constant; 
are,  respectively,  the actual and relative tangential components of the a i r  velocity in the 
cylinder; 
is a coefficient by means of which we take into considerat ion the viscosi ty  and t ime 

[61. 
is the polar  angle; 
are ,  respect ively,  the static p r e s su re  differences across  the air  passages and across  the 
exhausts; 
are  the gas densities behind the air  passage and in front of the exhausts; 
is the gravitational accelerat ion.  
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