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C o n t e m p o r a r y  methods of dr i l l ing oil and gas wells p r e sen t  increased  demands  on pumping equipment ,  
the main ones of which a r e  for  inc reased  p r e s s u r e  and power.  To achieve h igher  p r e s s u r e s  in exist ing well 
pumps would requ i re  increas ing  the i r  weight,  overa l l  d imens ions ,  and dr ive  motor  power.  In addition, in- 
c r ea s ing  the p r e s s u r e  drop  on such removab le  par t s  and components of pumps as p is tons ,  va lves ,  s l eeves ,  
e t c . ,  s ignif icant ly reduces  the i r  s e r v i c e  life.  

One method of increas ing  the pumping equipment  p r e s s u r e  is to use  two or  m o r e  rec iproca t ing  pumps 
connected in s e r i e s  s y s t e m  designed to divide the p r e s s u r e  drop and power between them.  However ,  in p r a c -  
t ice  this pr inciple  can only be accompl ished  using control  devices  which can equalize ideally the input to the 
piston pumps.  In o r d e r  to r e so lve  the question of the usefulness  of such pumping equipment  a spec ia l  inves t i -  
gation has  been ca r r i ed  out in the All-Union Sc ien t i f i c -Resea rch  Insti tute of Pe t ro l eum Engineer ing.  

The invest igat ions were  conducted on a r ig  [1] including two type l l G r  piston pumps connected in s e r i e s  
and fitted with a fas t -ac t ing  pneumatic  s y s t e m  for  control l ing the feed ove r  the ent i re  working range.  The 
p resen t  work  p resen t s  ce r t a in  resu l t s  f r o m  an invest igat ion of the exper imenta l  bas is  for  the poss ib le  use of 
a two-s tage  pneumat ica l ly  control led pumping se t  to d is t r ibute  uni formly  the p r e s s u r e  drop and power  between 
piston pumps ,  de te rmin ing  the pump and overa l l  unit eff ic iencies  and the p r e s s u r e  fluctuations in var ious 
chambe r s  of the equipment  in s e r i e s  pump operat ion.  

During tes t ing,  the f i r s t  pump s tage of the exper imenta l  equipment  was fitted with s tandard  9 0 - m m -  
d i a m e t e r  cy l inder  s l eeves  and pis tons ,  while the second s tage  was fitted with 8 0 - m m - d i a m e t e r  components .  
The use  in the f i r s t  s tage of l a r g e r - d i a m e t e r  s leeves  and working pistons was due to the need to provide the 
bes t  fi l l ing of the second-s t age  pump cyl inders  under  any working condition. The s leeve  and piston s e p a r a t o r s  
of the pneumatic  con t ro l l e r s  for  the f i r s t  and second pumps we re ,  r e spec t ive ly ,  120 m m  and 100 m m  in d i a m -  
e t e r .  The double-ac t ing  f requency was 100 p e r  rain fo r  both pumps.  P r o c e s s  wa te r  was used as the pumped 
fluid. A typeVK-5 pneumatic  compensa to r  having a useful  gas volume of 5 dm 3 was fitted immedia te ly  before  
the inlet co l lec tor  of the second pump at  the end of the in te rmedia te  piping. F r o m  the conditions of conducting 
the expe r imen t s  designed to achieve un i form power  and p r e s s u r e  d rop  between the pumping s tages ,  the gas 
p r e s s u r e s  in the pneumatic  s y s t e m s  of the f i r s t  and second s tages  we re  in the ra t io  1:2 and were  ass igned as 
follows: 2 and 4; 2.5 and 5; 3 and 6 MPa.  

The following p a r a m e t e r s  were  de te rmined  during the exper iments :  pump inlet and outlet  p r e s s u r e s ;  
p r e s s u r e s  in the working cham be r s  of the pumps;  gas p r e s s u r e s  in the pump pneumatic  s y s t e m s ;  gas p r e s -  
su re  in the pneumatic  compensa to r  at the inlet to the second pump; pump feed ra te ;  indications of the dead 
points of the piston pumps;  power  and cu r r en t  fo r  the e lec t r i c  mo to r s  of both pumps.  The mean  p r e s s u r e s  
we re  measu red  by a c lass  0.2 m a n o m e t e r .  In addition to th is ,  during the exper iments  osc i l lograph r e c o r d -  
ings were  made of the p r e s s u r e s  s ta ted as well as the power  and cu r ren t  to the pump e lec t r i c  moto r s .  

The p r e s s u r e s  were  de te rmined  by means  of type TDD-2-NATI  s t r a in  gauge t r a n s m i t t e r s .  The equip-  
ment  used fo r  p r e s s u r e  r ecord ing  cons is ted  of two type 8ANCh-7M 8-channel  ampl i f i e r s  and two type K-115 
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Fig. 1 
Fig. 1. Relation fo r  the re la t ive  p r e s s u r e  fluctuation 6 and initial gas 
p r e s s u r e  Ppc in the VK-5 pneumatic  compensa tor :  i )  at the outlet  of the 
f i r s t - s t a g e  pump; 2) in the second-s tage  pump cyl inder .  

Fig. 2. Relation between the p r e s s u r e  Peq at the pumping equipment  
outlet  and the feed ra te  Qeq for  var ious  values of the gas p r e s s u r e  in 
the penumatic  s y s t e m s  of r e spec t ive ly  the f i r s t -  and second-s t age  
pumps Pgl and pg~ [pg~ = 0.5pg2; Ppc = (0.6-0.9)pg~]: - - )  c h a r a c t e r -  
is t ics  foi: pumping set;  . . . . .  ) c h a r a c t e r i s t i c s  fo r  f i r s t  pump; . . . . . .  ) 
i so -e f f i c i ency  l ines ~eq of the pumping set .  

osc i l lographs  with type M-1012-1200 loops.  Before  s t a r t ing  to r ecord  the p r e s s u r e ,  t r a n s m i t t e r s  were  ca l i -  
bra ted s ta t ica l ly  and the resu l t s  were  used to plot ca l ibra t ion  curves  which were  l inear  ove r  the p r e s s u r e  
range measu red .  

A vo lumet r ic  method was used to de t e rmine  the pump feed ra te .  The t imes  to fill the measu r ing  tanks 
were  measu red  by stopwatch.  

The indications of the "dead" piston posit ions were  made by means of a movable contact  located on the 
piston rod of each pump and two fixed contacts  attached to the pump body. Signals to the osc i l lograph loops 
were  supplied by means  of type 1 . 2 8 - N B M T - 5 2 5  f i lament  ba t t e r i e s .  A type N-!02 osc i l lograph was used to 
record  e l e c t r i c - m o t o r  powers  and c u r r e n t s .  

A t iming signal was supplied s imul taneous ly  to all  osc i l lograph loops to ensure  synchronous r ecord ing  
of powers  and p r e s s u r e s .  The power  loops were  ca l ib ra ted  be ibre  testing.  The act ive  loads used were  var ious  
se lec t ion  of f i lament  l amps  and sp i ra l  r e s i s t a n c e  e lements .  The ca l ibra t ion  curves  were  used to de te rmine  the 
power  of  a single e l e c t r i c - m o t o r  phase.  

The pump power  N was calculated f rom the equation: 

where  N e is the power  required  by a single phase  of the e lec t r i c  motor ;  ~e is the mechanica l  ef f ic iency of the 
e lec t r i c  motor ;  7/k is the eff ic iency of the vee -be t t  d r ive .  The useful power  N u of the pump is de te rmined  f rom 
the expres s ion  

~Vu= (Opn)lIO,2, 

where  Po is the pump outlet  p r e s s u r e ;  Q is the pump feed ra te .  The overa l l  eff ic ieneies  of the pump ~?p and of 
the equipment  we re  de te rmined  by means  of the following equations: 

where  Neq is the useful  power  of the pumping equipment;  N 1 and N2 a r e  r~spee t ive ly  the powers  of the f i r s t  and 
second s tages .  The re la t ive  p r e s s u r e  fluctuations 5 were  de te rmined  f r o m  the express ion:  

~- (ptaax q-pro i~)/p av 

where  Pmax,  Pmin, and Pay a r e  the m ax i m um,  min imum,  and mean  pre ,ssures  of the cycle ,  r e spec t ive ly .  

The pumping equipment  was s t a r t ed  in the following sequence.  F i r s t ,  the pneumat ic  s y s t e m s  of the f i r s t  
and second pumps were  filled with a i r  in the p r e s s u r e  ra t io  1:2. The f i r s t  and second pumps were  then s ta r ted  
with fully open outlet  valve.  The pump feed was control led by changing the r e s i s t ance  of the outlet  piping by 
means of the valve.  
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0,, Fig. 3. Relation between the re la t ive  p r e s s u r e  f luc-  
0z tuation 5 and pumping equipment throughout Qeq: 1, 

2) at the outlets of the f i r s t  and second s ta tes ,  r e s -  
0 / z ~ ~ 5Qu. liter/ pect ively.  sec 

P rev ious ly  obtained un iversa l  c h a r a c t e r i s t i c s  for  Q - p  and ~?-p se rved  to es tabl i sh  normal  functioning 
and eff ic iency of each of the pumps in s epa ra t e  working. Additionally,  the exper imen t s  showed that the r e l -  
ative p r e s s u r e  fluctuation at the outlet of the f i r s t  and second pumps dur ing the i r  s epa r a t e  opera t ion was 
quite low (5 = 0.05-0.12) in the feed control  range  f r o m  Q = 0.85Qma x to Q = 0. 

To check the compensa t ing  capaci ty  of the pneumatic  con t ro l l e r s ,  the feed tes t ing  with s e r i e s  pump 
opera t ion  was ca r r i ed  out with the pneumatic  compensa to r  in the second pump feed piping isolated.  Visual  
observa t ion  during pumping opera t ion  showed that  in spi te  of the favorable  outlet cha rac t e r i s t i c  s e r i e s  o p e ra -  
t ion of the type 11Gr pumps is accompanied  by increased  v ibra t ion  of the p ipework connecting both s tages  of 
the equipment.  

F r o m  subsequent  analys is  of the osc i l lographic  record ings  of p r e s s u r e s  in the d i f ferent  chambe r s  of 
the pumping equipment  it was poss ib le  to es tabl i sh  that  this effect  is due to increased  p r e s s u r e  pulsations of 
the liquid being pumped and is accompanied  by nonuniform induction into the second-s tage  pump cyl inders .  
During the t e s t s  this pump worked under  c o m p a r a t i v e l y  h i g h - p r e s s u r e  conditions at the inlet (up to 4 MPa) and 
the p r e s s u r e  fluctuation in its cy l inders  dur ing the suct ion cycle  was cons iderab le  (6 = 0.4-0.5).  

T h e r e f o r e ,  the expe r imen t s  showed the neces s i ty  to have in the inlet co l l ec to r  of the second-s tage  pump 
an additional compensat ing  device which should reduce  the p r e s s u r e  fluctuations in both the actual  pump and 
also in the  piping connecting the f i r s t -  and second-s tage  pumps,  and should thereby  provide for  normal  o p e ra -  
t ion of pumping equipment  where  the pumps a re  connected in s e r i e s .  In o r d e r  to ve r i fy  this engineer ing so lu-  
tion during the cour se  of subsequent  expe r imen t s ,  a type VK-5 spher ica l  pneumatic  compensa to r  was used,  
into which gas was pumped at var ious  p r e s s u r e  and osc i l lographic  r eco rds  were  made of p r e s s u r e  at the out-  
let of the f i r s t  pump and in the cyl inders  of  the second pump. 

F igure  I shows re la t ions  fo r  the re la t ive  p r e s s u r e  fluctuations at the outlet of the f i r s t  pump and in the 
cyl inder  of the second pump dur ing the suction cycle  as functions of the initial gas p r e s s u r e  in the VK-5 pneu-  
mat ic  compensa to r .  It is evident that  the spher i ca l  pneumatic  compensa to r  fitted at the inlet to the second 
s tage pump can reduce  s ignif icant ly  the p r e s s u r e  fluctuations in the fluid being pumped ove r  the whole hydrau -  
lic c i rcu i t  connecting both s tages  of the exper imen ta l  pumping equipment.  However ,  the pneumatic  c o m p e n s a -  
t o r  has  d i f ferent  effects  on the flow pulsations in d i f ferent  par t s  of the c i rcui t .  

F o r  ins tance ,  sma l l  r e la t ive  p r e s s u r e  fluctuations (5 = 0.08) a r e  maintained in the second-s tage  pump 
cy l inder  even during initial p r e s s u r e s  of gas injection in the pneumatic  compensa to r  in the range Ppt = 2-3.4 
MPa which was 54-90% of the p r e s s u r e  at the f i r s t - s t a g e  pump outlet  Po~ in these  exper iments .  At the s a m e  
t ime ,  as the zone with sma l l  r e la t ive  p r e s s u r e  fluctuations the p r e s s u r e  for  the outlet of the f i r s t - s t a g e  equip- 
ment  is maintained in a wider  range [Ppc = 1.2-3.5 MPa (33-95% of Pol)]. 

Data re la t ing  to p r e s s u r e  fluctuations in the pumping equipment  s tages  during separa ted  and s e r i e s  o p e r -  
ation indicate that the p r e s s u r e  fluctuations at the outlet of the f i r s t - s t a g e  pump a re  smoothed out during s e r i e s  
opera t ion mainly  due to the pneumatic  con t ro l l e r  and to a cons iderab ly  l e s s e r  extent by the VK-5 pneumatic  
compensa to r .  

Also regard ing  the p re s su re - f l uc tua t i on  reduct ion in the second-s t age  pump cyl inders  during the suction 
cycle  the invest igat ions have shown that  in this case  the VK-5 pneumatic  compensa to r  plays the ma jo r  ro le .  
An initial  gas p r e s s u r e  in the VK-5 pneumatic  compensa to r  of 60-90% of the f i r s t - s t a g e  pump outlet  p r e s s u r e  
is mos t  favorab le  for  dec reas ing  the p r e s s u r e  pulsat ions of the pumped fluid in the second-s tage  pump cyl in-  
ders  and a lso  in the p ipework connecting both pump s tages .  

Selection of the appropr ia t e  c h a r a c t e r i s t i c s  of the VK-5 pneumatic compensa to r  provided a means  of 
ensur ing  normal  pumping equipment  opera t ing conditions.  Af ter  this the overa l l  c h a r a c t e r i s t i c s  for  the se t  
were  plotted (Fig. 2) ove r  a wide throughput range for  d i f ferent  values  of the initial injection p r e s s u r e s  for  
the pneumatic  s y s t e m s  of each pump. The re la t ion  obtained for  the p r e s s u r e  change at the outlet  during 
throughput changes with a pneumat ica l ly  control led pump set  is de te rmined  by the c h a r a c t e r i s t i c  curves  which 
cor respond  to a s t r i c t ly  defined value of the initial p r e s s u r e  of the gas in the pneumatic  s y s t e m s  of each pump. 
It has  been noted e a r l i e r  that  in these  expe r imen t s  the ra t io  of the initial gas p r e s s u r e s  in the pneumatic s y s -  
t ems  of the pumps r e f e r r e d  to was made equal to 1:2. 
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The eff ie iencies  of the pumps and equipment  were  de te rmined  under  different  opera t ing  conditions~ Ana-  
lys is  of  the genera l ized  c h a r a c t e r i s t i c s  showed that  the overa l l  ef f ic iency of each pump and the ent i re  equip-  
ment  is a function of the power  and is reduced with both dec reas ing  outlet p r e s s u r e  and with dec rea s ing  through-  
put. 

We shall  cons ider  the opera t ion of the pumping equipment  at ,  for  example ,  initial gas injection p r e s s u r e  
in the pump pneumatic  s y s t e m s  pg~ = 3 MPa (pump No. 1) and Pg2 = 6 MPa (pump No. 2). In accordance  with 
the genera l ized c h a r a c t e r i s t i c s  the pumping equipment may  opera te  in two different  r eg imes .  

The f i r s t  r e g i m e  is the s t a r tup  reg ime  of t r ans ien t  pumping equipment operat ion.  'Fne initial s tage  of 
this r eg ime  takes  place with a fully opened valve on the equipment  outlet  and is cha rac t e r i zed  by  absence  of 
load on both s tages  of the pumps (see Fig. 2, point A). This f i r s t  r eg ime  develops fu r the r  according to the 
r e s i s t a n c e  at the outlet f r o m  the equipment  under  conditions of only f i r s t  pump s tage loading. In this period 
the second pump is unloaded and acts  as an additional hydraul ic  r e s i s t ance  at  the outlet of the f i r s t  pump. 

The subsequent  two s tages  of development  d i f fer  only in the nature  of f i r s t  pump loading, which is loaded 
at the s t a r t  in s t r i c t  accordance  with the uncontrolled pa r t  of the cha rac t e r i s t i c  (see Fig. 2~ region A]3) and 
then it opera tes  in the initial  phase  of throughput control  (see Fig. 2, region DC). In the final s tage of the f i r s t  
opera t ing r eg ime  the pumping equipment throughput can only be dec reased  in accordance  with the curved c h a r -  
ac t e r i s t i c  of the f i r s t  pump. 

The second r eg i m e  is that  of es tabl ished pumping equipment operat ion and begins to develop f r o m  the 
moment  of loading the second pump. This s t a r t s  in accordance  with the uncontrolled region of its c h a r a c t e r -  
istic (see Fig. 2, region CD}. In the f i r s t  s tage of this r eg ime  inc reas ing  equipment outlet p r e s s u r e  is ac -  
companied by  inc reas ing  the load on only the second pump. At the s a m e  t ime,  the f i r s t - s t a g e  pump opera tes  
at constant  throughput control  degree  cor responding  to max imum capaci ty  of  the second-s t age  pump. 

Subsequently,  the throughput of the pumping equipment  changes in accordance  with the DE region of the 
cha r ac t e r i s t i c  (see Fig. 2). Then the ra t io  of the p r e s s u r e  drops  in the pumps o v e r  the ent i re  throughput con-  
t ro l  range  is maintained approx imate ly  constant  and depends on the initial gas p r e s s u r e s  in the i r  pneumatic  
s y s t e m s .  The most  ra t ional  ra t io  is when the p r e s s u r e s  and powers  of the equipment a re  equal in both pump 
s tages  as observed  in this actual  case .  

Consequently,  during s e r i e s  operat ion of pneumat ica l ly  controlled piston pumps ,  when inc reas ing  p r e s -  
sure  at the outlet  of the pumping equipment  begins to exceed the gas p r e s s u r e  in the pneumatic  s y s t e m  of the 
second pump,  the throughput of the equipment is d e c r e a s e d  as during opera t ion of an individually opera t ing 
pneumat ica l ly  control led piston pump [2]. It  mus t  a lso  be noted that  these fea tures  of pumping equipment  o p e r -  
ation in the f i r s t  and initial s tage  of the second r eg ime  lead to the poss ib i l i ty  of using as the h i g h - p r e s s u r e  
(last) s tage  a normal  piston pump with a s table  cha r ac t e r i s t i c .  

However ,  the expediency of using in the future  a s i m i l a r  engineer ing solution is quest ionable since the 
p rob lem of achieving high p r e s s u r e s  in borehole  pumping equipment  is in t imate ly  re la ted to improvemen t  of 
the i r  control  c h a r a c t e r i s t i c s  [2]. F r o m  this point of view the design of pumping equipment  cons idered  he re ,  
which includes only pneumat ica l ly  control led piston pumps with a curved cha rac t e r i s t i c  is more  promis ing .  

The graphical  re la t ion  between the re la t ive  p r e s s u r e  fluctuation and the equipment throughput as shown 
in Fig. 3 is a l so  evidence of the good poss ib i l i ty  of using the pneumat ica l ly  control led equipment to obtain high 
p r e s s u r e s  at the outlet with low fluctuations of throughput and p r e s s u r e .  It  is evident that  smal l  values  of the 
re la t ive  p r e s s u r e  fluctuation at  the outlet f rom each equipment s tage dur ing s e r i e s  operat ion occur  ove r  a wide 
control  range  f rom Q = 0.85Qma x to Q = 0. The curve  for  the re la t ive  p r e s s u r e  fluctuation for  the f i r s t - s t a g e  
pump is located somewhat  below the s i m i l a r  curve  for  the second-s t age  pump, and this may  be explained by 
the l a rge  volumes of the gas cham be r s  in the pneumatic  con t ro l l e r  of the f i r s t  pump. 

Consequently,  in pneumat ica l ly  control led pumping equipment in o r d e r  to reduce  the p r e s s u r e  f luctua-  
tions it is n e c e s s a r y  to use the l a rge s t  poss ib le  s izes  of pneumatic  regu la to r  s l eeves .  Fo r  the s ame  reason ,  
dur ing opera t ion of s i m i l a r  equipment with throughputs c lose  to the max imum value it is poss ib le  to use  a 
pneumatic  compensa to r  at the outlet of the second-s tage  pump. 
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