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ABSTRACT 

The present study on the influence o f  high- 
ve loc i ty  e f fects  on the flow o f  hot-water 
through porous media was undertaken based 
upon the analysis o f  tests taken i n  the Cerro 
Pr ieto and East Mesa fields. These f ie lds pro- 
duce form a sedimentary formation of the'homo- 
geneous" (non-fractured) type. The study i s  
based on a numerical soT&ion t o  the rad ia l  
f low (isothermal) problem o f  hot-water consid- 
ering high-velocity flow. An expression f o r  
the ra te  dependent pseudo-skin e f f e c t  term i s  
derived. I t  i s  demonstrated through an inte- 
grat ion o f  the Forchheimer flow equation and 
the simulation o f  drawdown tests that  consider 
no skin damage that  t h i s  pseudo-skin is essen- 
t i a l l y  equal t o  the product Dw, where 0 i s  the 
turbulent term coef f ic ient  defined as Bk/2rr h 
It i s  also shown t h a t  the semilogarithmic sl8p 
o f  1.1513 character is t ic  o f  rad ia l  f low i s  ob- 
tained once a s tab i l ized high-velocity con- 

has been thoroughly reported i n  the 1 i tera- 
ture (Ramey, 1965; Wattenbarger and Ramey, 
1968; Energy Resources Conservation Board, 
1975). This e f fec t  has also been considered 
i n  two phase flow o f  o i l  and gas (Kadi, 1980). 
With regard t o  the flow through perforations, 
i t  has also been studied f o r  gas flow (Tarik, 
1984) and for two phase flow o f  o i l  and gas 

c t i on  rates comnonly 
encountered i n  geothermal 1 iquid-dominated 
wells, we suspected that  conditions were prop- 
e r  f o r  high-velocity e f fects  to  a f fec t  the 
t ransient pressure behavior o f  well tests. 
With t h i s  idea i n  mind, we analyzed test ing 
conditions fo r  the Cerro Prieto and East Mesa 
f ie lds and found that  t h i s  effect was present. 
These f i e l d s  produce from a sedimentary forma- 
t i o n  o f  the "homogeneous" (non-fractured) type. 

The purpose o f  t h i s  study i s  t o  present an 

*The author also associated wi th  I n s t i t u t o  

**The author also associated wi th  Pemex 

reservoir  f l u i d  f l o w  problem i s  ussually 
expressed i n  dimensionless form. The following 
groups have been defined by Ramey (1975) and 

Mexican0 del Petrdleo 
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Ramey and Gringarten (1975), where aw and 8, 
are u n i t  constants: 

Dimensionless pressure f o r  hot-water reser- 
voir f low (pD) 

kh(Pi-P(r,t)) 
PD(rD'tD)= gs, s c w B ~  (1) 

Dimensionless time ( to )  

(2) Btkt 
wtr; 

Dimensionless rad ia l  distance ( rD) 
r 

(3) 

If a consistent set  o f  un i t s  i s  used, then 
the constants w i l l  have a value equal t o  one. 
Table 1 (Samaniego and Cinco, 1982) shows some 
o f  the most used u n i t  systems and the corre- 
sponding values f o r  ow and Bt. 
Using the def in i t ions o f  the dimensionless 
groups given by Eqs. 1-3, the equation that 
describes the flow o f  hot-water, considering 
the e f fec t  o f  high-velocity f low i s  given by 
Eq. 4: 

(4) 

where 6 i s  the L.I.T. (laminar, i n e r t i a l  and 
turbu1ence)correction factor. I n  the deriva- 
t i o n  o f  t h i s  equation and i n  a l l  remaining 
equations o f  t h i s  section, a consistent set  
o f  un i ts  i s  assumed, resul t ing i n  values o f  
the parameters a and 8 equal t o  i n  and unity, 
respectively. Thys i s  j h  f o r  easiness i n  
the derivations, but for f i e l d  applications 
o f  the resul ts  o f  t h i s  study these u n i t  con- 
version constants are very convenient. 

The inner boundary condition considered i n  
t h i s  study i s  o f  constant mass rate a t  the 
w e l l ,  including the ef fects  o f  skin damage 
and isothermic wellbore storage: 

The external boundary condition i s  that  of 
an i n f i n i t e  reservoir: 

l i m  pD(rD,tD)=O (6) 

D 

The i n i t i a l  condition i s  o f  uniform pres- 
sure a t  the reference time tD=O: 

l i m  PD(rD,tD)'O S 1 trD < (7 )  

to- 0 

This completes the mathematical model solved 
numerically i n  t h i s  study. 

Next we present some additional mathematical 
aspects re la ted t o  the high-velocity f l o w  
effects. F i rs t ,  we w i l l  comnent on the way 
we handled Forchheimer's equation given by 
Eq. 8: 

dP 1.I 

d r  k 
- -  - vr+86vr2 

where 8 is the ve loc i t y  coeff ic ient .  This 
equation can be wr i t t en  i n  dimensionless 
form by means o f  the parameters defined by 
EQS. 1-3: 

r D  D r D  
dpD 

drD 
- = v  +gv2  

where v and 8 are a dimensionless ve loc i ty  
and a d%!ension?ess ve loc i ty  coef f ic ient  
defined by Eqs. 10 and 11, respectively: 

Eq. 9 i s  va l fd  f o r  f low i n  the formation 
outside the damaged region near the wellbore. 
Thus, f o r  f low i n  the damaqed region, Eq. 9 
can be written: 

where 8,~ i s  the dimensionless ve loc i ty  cvef- 
f i c i e n t  f o r  the damaged region, and k i s  
the permeabil ity r a t i o  given by Eq. 132' 

kS 
ksD= 

Last, we w i l l  present an expression f o r  the 
extra pressure drop caused by high-velocity 
effects. This, i n  other words, i s  the ra te  
dependent pseudo-skin due t o  high-velocity 
effects. From Eq. 9, the pressure gradient 

given as follows: 
caused by high-velocity f low (dpddrD)hvs i s  

It can be demonstrated that  f o r  rad ia l  flow, 
the dimensionless ve loc i ty  vrD can be eX- 
pressed as follows: 

1 
'rD = 5 

Then, Eq. 14 can be wr i t ten as: 

dpD = __ BD 
(-1 
drD hv r< 
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Integrat ing t h i s  equation: 
1 

'hv0 
(PD)hv = (1- -180 (17) 

I f  we want t o  express Eq. 17 i n  the conven- 
t ional  way used f o r  gas f low (Ramey, 1965); 
Wattenbarger and Ramey, 1968). we can get: 

where D i s  the turbulent term coe f f i c i en t  
defined as: 

6k 1 
D =- (1 - -1 (19) 

hvD 2 ~ r ~ h 1 . 1  r 

I f  a damaged region near the wellbore i s  
considered, Eq. 17 can be wr i t t en  as f o l -  
1 ows : 

n 1 1 

where r 
o f  the & a g e d  region. 

I n  the simulation o f  t ransient pressure t 
t o  be discussed l a t e r  i n  t h i s  paper, the 
ve loc i ty  coe f f i c i en t  was evaluated by means 
o f  the corre la t ion o f  Firoozabadi and Katz 
(1979). 

i s  the dimensionless outer radius 

FIELD EVIDENCE OF HIGH-VELOCITY FLOW 

It has been shown that  the extra dimension- 
less pressure drop caused by high-velocity 
effects, i n  the absence o f  formation damage, 
i s  given by Eq. 17. The resul ts  o f  our numer- 
i c a l  simulations, t o  be discussed i n  the next 
section, indicate that  the high-velocity 
radius r ranges between 33 and 110 f o r  
8 value@ o f  0.3 and l,,respeetively; conse- 
qEent1y f o r  pract ica l  purposes the l/r 
term may be neglected i n  the estimatioRVD o f  
the ra te  dependent pseudo-skin due t o  high- 

defined as: 

D 

12 Dw= 1.54084~ 10- 
rwhu 

F i r s t  we evaluate t h i s  parameter f o r  the 
data o f  well M-21A o f  Cerro Pr ie to taken 
from Rivera and Ramey (1977). The values 
o f  the parameters that  enter i n t o  Eq. 23 
are presented i n  Table 2. Evaluating Dw we 
obtain: 

Dw = 0.405 

Next calculations are shown f o r  wel l  M-109 o f  
Cerro Prieto. This well was chosen because 
i t s  character ist ic curve shown by Iglesias 
e t  a i .  (1983) ( t h e i r  Fig. 5.6) shows a non- 
l i nea r  relat ionship o f  mass flow ra te  (w) 
vs bottom-hole pressure (p ), indicat ing 
tha t  high-velocity effectsw$ay be influencing 
the performance o f  the well. The values o f  
the parameters that  enter i n t o  Eq. 23 are 
presented i n  Table 2. We obtain the following 
value f o r  Dw: 

I lw = 0.25 

Last we show calculations f o r  a well o f  the 
East Mesa f i e l d  (Witherspoon e t  al., 1978). 

the values o f  the parameters that  
nto Eq. 22 are shown i n  Table 2. 

Evaluating the pseudo-skin Dw we get: 

Dw * 0.14 

The motivation f o r  t h i s  l a s t  calculat ion 
came from reviewing the resul ts  o f  Morris 
e t  at. (1987) ( the i r  Fig. 9) f o r  well E.M. 
87-6, regarding a graph o f  pressure drawdown 
vs f low rate which shows s l i g h t  curvature 
and Reynolds nqmbers ( t h e i r  Table 7) that  

er  than unity, which i s  the ussually 
pon upper l i m i t  f o r  the v a l i d i t y  o f  
law (Muskat, 1937). 

Based on the above shown calculations and 

which an analyt ical  o r  a numerical solut ion 
are available i n  the l i terature.  A 
ens analysfs o f  r e s u l t  
ime ce discret izat ions 
a r t  r cases o f  no skin 
e l  1 rage, the numerlca 

t h i s  study were compared t o  that  o f  van 
Everdfngen and .Hunt (1949), difference 
o f  less than 0.2% was obtaipe 
that  included the skin damage 
storage, the comparison was wi th  the numer- 
i c a l  solutions presented by Wattenbarger and 
Ramey (1970), and essent ia l ly  we obtained 

cases 
el lbore 



ident ica l  results. The above mentioned com- 
parison with avai lable resul ts  i n  the l it- 
erature was acquired wi th  a 40 nodes space 
d iscret izat ion f o r  reD=2x10Y ; t h i s  reser- 
vo i r  external radius was large enough t o  
have i n f i n i t e  act ing behavior during the 
tes t  time. With regard t o  the t i m e  dis-  
cret izat ion,  45 time steps per log cycle 
o f  time were needed t o  obtain t h i s  compar- 
ison. For more de ta i l s  o f  the numerical 
model the reader i s  referred t o  the report  
o f  Vi l la lobos (1989). 

DISCUSSION OF RESULTS 

Based upon our discussion o f  the mathemat- 
i c a l  development section, i t  was found that  
high-velocity f low ef fects  are s t r i c t l y  
related t o  the dimensionless ve loc i ty  coef- 
f i c i e n t  8 (Eqs. 9 and 11). The evaluation 
o f  t h i s  parameter f o r  maximum producing 
conditions o f  a wel l  gives an upper l i m i t  
f o r  80 of one. 

We f i r s t  simulated drawdown tests f o r  
d i f ferent  values o f  the dimensionless 
ve loc i ty  coe f f i c i en t  Bo. The resul ts  f o r  
values o f  8 o f  0.3, 0.6 and 1 are shown 
i n  the semi?ogarithmic graph o f  pwD vs t 
o f  Fig. 1. We observe from these 
that a f t e r  the high-velocity f low region 
i s  stabil ized, a s t ra igh t  l i n e  i s  reached 
o f  slope equal t o  the conventional value 
o f  l i q u i d  flow o f  1.1513. This means, as 
a1 ready mentioned, that  a f t e r  stabi  1 i za t i on  
occurs, the pressure drop due t o  high-veloc- 
i t y  can be expressed as a rate-dependent 
pseudo-skin Dw. Thus, the dimensionless 
pressure drop may be expressed as follows: 

resuqts 

= +( lnt0+0.80907)+Dw PWD 
From the above discussion, i t  can be conclud- 
ed that  the formation conductivity kh can 
be accurately estimated even i f  the t e s t  
i s  under the influence o f  high-velocity flow. 

Next we consider the combined ef fects  o f  
formation damage and high-velocity flow. 
Constant f low ra te  cases were run f o r  values 
of B o f  1 that  corresponds t o  maximum condi- 
tionO and values o f  the skin factor s o f  -2, 
0, 5, 10 and 20. Fig. 2 shows the resul ts  o f  
these simulations. These data indicate that  
high-velocity f low i n  a composite reservoir  
does not a f f e c t  the t ransient behavior more 
than i n  a homogeneous reservoir. The ear ly  
t ransient f low i s  dominated by the region o f  
a l tered permeability near the well. Af ter  a 
t rans i t i on  period, a s t ra ight  l i n e  occurs whose 
slope i s  equal t o  the conventional value o f  
l i q u i d  flow o f  1.1513. This second st ra ight  
l i n e  i s  para l le l  t o  p ( 8  =O) solut ion o f  van 
Everdingen and Hurst '( 1849), bu t  i s  displaced 
by an amount equal t o  the apparent skin ef fect  
s'(Ramey, 1965) defined by 

s ' = s + D w  

We checked the resul ts o f  our simulations w i t h  
regard t o  the ra te  dependent pseudo-skin factor 
Dw that  resul ted from the computer runs and 
that  calculated from Eq. 20 and found an 
excellent agreement. 

The factor  that  the s t ra ight  l i n e  port ion o f  
the drawdown curve i s  para l le l  t o  p (8 =0) i s  
important. This means that  the condctvv i ty  
kh o f  the outer port ion o f  the f o m t i o n  can 
be determined accurately from a drawdown test. 
Thus, Eq. 23 can be extended t o  

= f ( lnt0+0.80907)+s+Dw PWD 
To calculate the skin factor s and the turbulent 
term coe f f i c i en t  0, the method o f  Ramey (1965) 
can be used. 

To complete the study we included i n  our 
simulations the e f fec t  of isothermic wellbore 
storage. Constant f low r a t e  cases were run a t  
values o f  80 o f  1 and o f  c of 10, lo2, l o3  and 
10'. Fig. 3 shows a semi108 graph o f  pwo vs to. 
We observe from these resul ts  .that the hot- 
water solutions that  consider high-velocity 
flow essent ia l ly  fo l low a para l le l  behavior 
wi th the l i q u i d  solut ion pD(80=0). 

The wellbore storage e f f e c t  was found t o  behave 
l i k e  l i q u i d  case solutions (van Everdingen and 
Hurst, 1949; Wattenbarger and Ramey. 1970). 
Wellbore storage has only a short-time e f fec t  
on the t ransient pressure behavior and has no 
e f f e c t  on the ul t imate slope o f  the semilog- 
arithmic drawdown curve. 

The l a s t  case considered with regard t o  
drawdown tests was one tha t  includes 
simultaneously the ef fects  o f  high-velocity 
flow, formation damage and wellbore storage. 
Constant f low ra te  cases were run f o r  values 
o f  s=5 and C =lo2, and values o f  8 of 0.3 
0.6 and 1. FPg. 4 shows the resuld! o f  these 
simulations. The conclusions reached from 
these resul ts  are essent ia l ly  those already 
made f o r  the cases o f  high-velocity f low 
affected e i ther  by formation damage (Fig. 2) 
or  wellbore storage (Fig. 3 ) .  I n  short, the 
formation conduct iv i ty can be estimated from 
the drawdown test. I n  addi t ion the skin factor 
s and the turbulent term coef f ic ient  D can be 
estimated by means o f  the method o f  Ramey 
(1965). 

We also investigated what effects high- 
ve loc i ty  f low would have on an analysis 
using the der ivat ive type curve o f  Bourdet 
e t  a l .  (1983). We found that  as the in tens i ty  
o f  high-velocity f low increases, the error i n  
the estimation o f  the formation parameters 
from the match point  data also increases. As 
expected, the maximum error  i s  found i n  the 
estimation o f  the skin factor, i n  some cases 
o f f  by 200 per cent. A s imi lar  f inding for 
rea l  gas flow has been reported by Berumen 
e t  a1 .( 1989). Fig. 5 shows an example o f  
der ivat ive type curves f o r  the case o f  Co=lOO, 

- 32 - 



s=5 and d i f ferent  values of 6 . Thus, i n  cases 
where high-velocity flow af feets  a test, 
resul ts  o f  type curve analysis are t o  be 
taken with caution. 

We looked ca re fu l l y  t o  the e f fec ts  o f  high- 
ve loc i ty  f low on the beginning o f  the semi- 
log s t ra ight  l ine.  As expected, i t  was 
found that  i t  was af fected by the in tens i ty  
of h igh-veloci ty f low represented by the 
parameter B . For pract ica l  producing 
conditions Pound i n  the f i e l d ,  i t  was found 
tha t  the s t a r t  o f  the semi-log s t ra igh t  l i n e  
can be predicted by the corre la t ion o f  Ramey 
e t  a l .  (1973) . provided tha t  the apparent 
skin e f f e c t  s '  i s  used instead o f  the skin 
factor  s. This time for the s t a r t  o f  the 
semi-log s t ra igh t  l i n e  is:  

tDbsl= CD(60+3.5s') 

o r  i n  term o f  rea l  variables (f 

tbsl = - * - (60i3.5 5')  

This study also considered the simulatlon 
o f  buildup tests under the influence of 
high-velocity flow. Fig. 6 presents a semi- 
logarithmic graph of simulated buildup curves 
for values o f  the parameter B o f  0.3, 0.6 
and 1. We see from these resuf ts  that  a f t e r  
the high-velocity f low ef fects  vanish i n  a 
short time. the builduo curv.? .ioi:s t:?e 
buildup solut ion for B PO. The shut-in time 
required t o  reach the gt ra ight  l i n e  port ion 
i s  approximately A t  = 10'. For pract ica l  a systematic study o f  t ransient pressure 
purposes, the de ted ina t l on  o f  the fornat ion 

Results of simulated buildup curves under the 
influence o f  combined ef fects  o f  high-velocity 
flow and isothermic wellbore storage are 
shown i n  Fig. 8. The values o f  the B and C 
parameters were the same as those of%he copre 
spondin drawdown tests already discussed 
(Fig. 38. The family o f  curves o f  t h i s  f igure 
i s  s imi lar  t o  buildup curves that  consider 
B 10. After  the e f fec t  o f  wellbore storage 
dQes out, the buildup solutions j o ins  the 
solut ion for C =O. Thus. the slope o f  the 
s t ra igh t  l i n e  l o r t i o n  i s  accurate provided 
the correct  s t ra ight  l i n e  port ion i s  chosen. 

Final ly,  the l a s t  case considered with regard 
t o  buildup tests i s  one that  includes 
simultaneously the ef fects  o f  high-velocity 
flow, formation damage and wellbore storage. 
The values o f  the S , s and C parameters were 
the same as those o! the corrkponding draw- 
down tests already d i m m e d  (?ig. 4). Fig. 9 
shows resul ts  of these tests. The conclusions 

those already made f o r  the cases o f  high- 

damage (Fig. 7) o r  wellbore storage (Fig. 8). 
I n  short. the formation conductivity can be 
estimated from the buildup tes t .  The skin 
factor  s and the turbulent term coe f f i c i en t  
D can be estimated f rom resul ts o f  bufldup 
analysis by means o f  the method o f  Ramey 
( 1965). 

CONCLUSIONS 

The main purpose o f  t h i s  work was t o  present 

analysis o f  l i q u i d  dominated wel ls producing 
a t  constant mass rate under the influence o f  

(26.a) 

E CB vsc  reached from these resul ts  are essent ia l ly  

B kh ve loc i t y  f low affected e i ther  by formation 
(26.b) 

f low a l t e r  the s 
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5. It was found that  the s t a r t  o f  the semi- 
log s t ra ight  l i n e  can be predicted b 
the correlat ion o f  Ramey e t  a1.(1973j9 
provided that  the apparent skin e f fec t  
s '  i s  used instead o f  the skin factor  5. 

NOMENCLATURE 

B= formation volume factor 
c = system t o t a l  compressibil i ty 
Ct= we1 lbore storage constant f o r  hot water 
CD= Dimensionless wellbore storage constant 

€ C b  sc 
Ohr& 

h= thickness 
k= permeabil ity 
p= pressure 
r =  rad ia l  distance 
s= van Everdingen and Hurst skin factor 
s a =  apparent skin factor, Eq. 24 
t =  time 
vr= rad ia l  ve loc i ty  
w= mass flow rate 
131 veloc i ty  coe f f i c i en t  
6= 

$= porosi ty 
I.I= v iscos i ty  
p= density 
Subscripts 
D= dimensionless 
hv= h i gh -veloc i ty  
s= damaged region 
t =  t o t a l  o r  time 
sc= standard conditions 
w= we1 1 bore 
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