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Multistage horizontal fracturing is the key technique in developing shale gas reservoirs. In each stage, several perforation clusters
will be placed to create complex fractures, and the parameters of perforation clusters are almost the same, so the production from
each perforation cluster should be similar. However, in fact, production from each perforation cluster is different vastly. If the
characteristics of the shale gas reservoir where the horizontal wellbore oriented through are similar, the cause that resulted in
production difference may be uneven proppant distribution among perforation clusters. In order to investigate proppant
distribution through perforation clusters, the theory about proppant settling along horizontal lateral is analyzed, which can
provide a proper pumping rate for future experiments. ,en, an experimental model to simulate horizontal lateral and perforated
clusters is designed. Fresh water was pumped to transport proppant flowing into different clusters, the volume of water and
proppant through each cluster was qualified. Some parameters, such as proppant concentration, sizes, flow rate, and perforation
parameters, are changed in lab tests; the simulation results will be helpful in understanding the phenomenon of uneven proppant
distribution in perforation clusters. ,ere are some conclusions from the experimental results. First, proppant settling at different
positions along horizontal lateral is different when the slurry is mixed by proppant and water is pumped at different rates.
Meanwhile, proppants concentration also has an influence on proppants settling. ,e settling of proppants will impact proppants
distribution among perforation clusters. Second, at a low pumping rate, uneven proppants distribution was observed mostly.
When the pumping rate was increased, the phenomenon of uneven proppants distribution was decreasing.,us, the pumping rate
is the main influential factor. ,ird, uneven proppants distribution can be improved or even avoided by adjusting perforation
parameters, such as perforation numbers and diameter.

1. Introduction

Multistage fracturing of horizontal wells has become the
major method to produce oil and gas from low permeability
reservoirs, especially from shale gas reservoirs [1–5]. Along
with the development of shale gas, this technology is be-
coming more mature. Routinely, more than three clusters
are perforated in each fracturing stage, and the horizontal
lateral section is fractured stage by stage from toe to heel of

the horizontal wellbore. ,e stages and perforation clusters
are placed evenly in a horizontal wellbore, but, the rate of gas
produced from each stage is different significantly, and
recent studies have demonstrated that one in four perfo-
ration clusters is not producing actually, and this is almost a
common phenomenon in shale gas plays [6–11].

A study taken by Warpinski proved that fracture area
with low proppants concentration has a negative impact on
gas production, and proppant distribution in shale
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reservoirs will be critical for gas production [12]. Production
logs from 100 horizontal shale wells in multiple basins were
analyzed and showed that 2/3 of gas production came from
only 1/3 of perforation clusters. ,erefore, production was
highly variable along the length of the wellbore. Almost 1/3
of all perforation clusters were not contributing to shale gas
production [13]. Perforation clusters not contributing to
production could be caused by ineffective perforating
techniques in many cases. A study conducted by Daneshy
indicated fluid distribution uniformly into each perforation
cluster was one cause for poor proppant distribution per-
formance. When proppants carried by fracturing fluid at a
high velocity are forced to change flow directions, the dif-
ference in specific gravity between proppant and fluid caused
most proppant to concentrate near the lowermost perforated
interval (toward toe), while the upper intervals receive
mostly clean fluid without proppants [14].

,e phenomenon of production difference means that
the even displacement of perforation clusters and stages will
not be suitable in shale gas reservoirs, and the prefracturing
treatment schedule should be redesigned. ,e old proppant
displacement method is too ideal and will result in a waste of
hydraulic fracturing cost, so how to optimize the position of
perforation clusters is becoming a concerned focus. Ex-
perimental tests are conducted on different types of prop-
pant using fresh water by Faraj. It showed that parameters
have a large influence on proppant settling in wellbore and
distribution among different perforation clusters [15].

Bokane et al. [16] presented an extensive study and
investigation of proppant transport in different perforation
clusters within a single stage by using computational fluid
dynamics (CFD) techniques, and these results are compared
to experimental test data. ,eir study results indicated that
proppant transport can be accurately modeled when the
effects of single particle settling, density driven flow, particle
velocity profiles, and slurry rheology are all considered.
Crespo et al. [17] presented a first-of-its-kind large-scale
investigation to study proppants distribution among sepa-
rated perforations along a horizontal interval, and various
liquid specific gravities, viscosities, proppant gravities, size,
and slurry flow rate were investigated. Although some ex-
periments have been conducted by the above authors, the
knowledge about proppant distribution through perforation
clusters is still at its infancy and needs to be investigated
thoroughly.

Factors that lead to production difference in perforation
clusters include both reservoir and treatment aspects. From
the aspect of reservoir, the factors may be stress, gas content,
geological heterogeneity, and natural fractures, etc. In view
of treatment, the volume of fracturing fluid and proppant
entering into those perforation clusters is different, which
may influence the ultimate production severely, since the
production rate depends mainly on fracture conductivity.
,ese research results demonstrate that proppants distri-
bution among perforated clusters should be even in order to
diminish significant production differences between perfo-
ration clusters. But the research on proppants distribution
among horizontal wellbore and perforation clusters was not
adequate, and the basic principles were not understood in

detail. ,erefore, it is required to quantify proppants dis-
tribution among perforation clusters and provide valuable
clues for future hydraulic fracturing designs.

,is paper will present the theory of proppants depo-
sition in the horizontal tube and perforation clusters firstly.
,e mass equation to control hydraulic fracturing fluid and
proppants is proposed; thereby, the problem of proppants
placement among perforated clusters can be solved. Next,
some experimental tests are conducted to investigate the
parameters which have main influences on proppants dis-
tribution among perforation clusters, and the results are
discussed in theory. At last, these results will be helpful in
understanding proppants distribution and production dif-
ferences and provide some improvements for enhancing
shale gas production.

2. Proppant Transport in Horizontal Lateral

In shale gas fracturing treatment, the pumping rate is
normally as high as 3962 gallons/min and even will be in-
creased to 5283 gallons/min sometimes. At this high
pumping rate, proppants are difficult to deposit to accu-
mulate as piles in the horizontal wellbore, but it is still
necessary to know about proppants settling and movement
conditions. In static fluid, the settling velocity of a single
proppant can be predicted by Stokes’ law.

Stokes’ equation is not suitable for proppants trans-
ported by high-rate flowing fluid in a horizontal lateral.
Many researchers have carried out a lot of work to seek for a
proper equation to quantify this phenomenon. Oroskar and
Turian have developed a critical deposition velocity corre-
lation based on the energy balance required to suspend
particles with energy dissipated by an appropriate fraction,
F, of turbulent eddies present in the flow [18]. ,ey esti-
mated F from the assumption that only those eddies pos-
sessing instantaneous velocities equal to or greater than the
hindered settling velocity are effective in maintaining par-
ticles in suspension. ,ey found F to be usually very close to
unity (>0.95). ,e value 0.95 was used for F for all New-
tonian and non-Newtonian critical-velocity correlations
developed here. Oroskar and Turian’s equation appears in
the following form:

vDc���������
gdp(β − 1)

√ � 1.85C0.1536
(1 − C)0.3564 ×

dp

d
( )− 0.378N′0.09Re F0.30,

(1)
where vDc is critical deposition velocity, at which a particle
bed forms in the pipe bottom, representing the lower pump
rate limit for minimum particle settling, ft/s; C is solid
concentration, volume fraction; d is inner diameter of pipe,
inch; dp is the average particle diameter, inch; F is the
fraction of eddies with velocities exceeding hindered settling
velocity; β is the ratio of particle to fluid densities,
β � (ρp/ρf); ρp is the density of particle, pound/ft

3; ρf is the
fluid density, pound/ft3; g is the acceleration of gravity, ft/s2;
N’

Re is the modified Reynolds number,
N’

Re � (dρf

���������
gdp(β − 1)

√
/μa); μa is the apparent viscosity of

non-Newtonian fluid, μa � K′(c)
n′− 1; c is the flow function,
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c � (8v/d) � (32q/πd3); q is the flow rate,, ft3/s; K’ is the
consistency index, power-law-model constant; n′ is the flow
behavior index, power-law-model constant.

,e parameters in equation (1) are included on the basis
of analytical considerations; coefficient and exponent values
were obtained from regression analyses of 357 critical-ve-
locity data sets extracted from experimental investigations
reported in the literature. Using turbulence theory, Davies
[19] deduced a simple theoretical justification for the em-
pirically derived exponents of equation (1).

,e Oroskar–Turian correlation and others appearing in
the literature were developed to describe the critical depo-
sition velocity of Newtonian carrier fluids with various solids
types, sizes, and concentrations. Subhash N. Shah and David
L. Lord are not aware of any such correlations for non-
Newtonian carrier fluids or the resuspension phenomena
associated with Newtonian or non-Newtonian fluids, they
generalized equation (1) to increase its capability to correlate
critical-velocity measurements with specific operating
conditions and proposed the following equation [20–22]:

vDc���������
gdp(β − 1)

√ � YC0.1536
(1 − C)0.3564 ×

dp

d
( )−wN′ZReF0.30,

(2)
where Y, w, and z are adjustable constants.

In the above equation, Y, w, and z are adjustable con-
stants that can be evaluated by regression analysis for
particular critical-velocity data sets. μa can be substituted
into N’

Re to provide a further generalization of equation (1)
for non-Newtonian fluids.

3. Experimental Study

3.1. Experimental Equipment. In order to investigate the
distribution of proppant carried by flowing fluid in horizontal
pipes, some experiments are conducted in the lab. ,e ex-
perimental equipment is shown in Figure 1, which consists of
horizontal pipe and perforation clusters to simulate stage
fracturing, a tank to mix fluid and proppant, a flowmeter, a
differential pressure transducer, and a hydraulic pump. ,e
horizontal pipe’s diameter is 1.5 inches with 0.125-inch wall
thickness, and the total length is 30 ft. Alongwith the pipe, three
perforated clusters are assembled evenly in a distance of 6 ft.

In these experimental tests, fresh water is mixed at a
desired concentration in the tank equipped with a double
three-bladed impeller air mixer.,e slurry mixed with water
and proppant is pumped into a horizontal pipe at different
rates, and the weight of proppants distributed through each
perforated cluster can be measured. 40/70 mesh sand, which
is usually used in fracturing treatment of shale gas, was used
in the experiment, and its specific gravity is 2.65. ,e ad-
justed parameters mainly include pumping rate, perforation
clusters, and proppant concentration.

3.2. Experimental Process. ,e experiment is aimed to in-
vestigate parameters that affect proppant distribution and
how to improve proppant distribution among perforation

clusters. Two groups of experiments are designed: each
cluster contains 4 perforations with a density of 4 SPF and
90-degree phasing, and clusters contain 3, 4, and 5 perfo-
rations from heel to toe separately. Meanwhile, the pumping
rate is tested with three types, and sand concentration is also
changed. ,e details of the experimental groups are listed in
Table 1.

,e minimal critical settling velocity is calculated by the
use of equation (2) at different sand concentrations and is
compared with the flow velocity at different pumping rates.
It demonstrates that the designed pumping rates can satisfy
the requirement of minimal critical settling velocity, so we
can avoid sand settling in the pipe bottom.

3.3. Experimental Results

3.3.1. Each Cluster with 4 Perforations. ,e clusters are
evenly displaced along horizontal pipe, and each cluster has
4 perforations with 90-degree phase. ,e perforation
numbers at each cluster are shown in Figure 2. In this ex-
perimental group, the results showed that the flowing rate
influences sand distribution highly, as shown in Figures 3
and 4. As seen from Figure 3, at a lower pumping rate, such
as 30 gallons/minute, 40/70 mesh sand will settle down easily
in the first cluster near pump outlet, and the difference will
be much larger when sand concentration is increased. In the
same pumping rate, the difference of proppant distribution
along 3 perforation clusters is small at lower sand con-
centration, and the difference will be great at higher sand
concentration.

Figure 4 shows that sand displacement along perforation
clusters is almost different largely at a high pumping rate, but
the phenomenon is reversed at a lower pumping rate. At the
pumping rate of 80 gallons/minute, sand volume flowing
into the third cluster is the most, and sand flowing into the
first cluster will become the least. Similar to Figure 3, the
uneven phenomenon of sand distribution is becoming se-
rious when sand concentration is increased. More and more
sand will settle into the third cluster. At lower sand con-
centration, sand distribution is almost even between per-
foration clusters. It may be induced that sand can be mixed
evenly with water at a higher pumping rate, and sand is
difficult to settle down pipe bottom.,erefore, sand will flow
with water together into perforation clusters evenly. At a
higher pumping rate, there may exist turbulent flow in the
horizontal pipe, and sand will be transported in suspension,
which is different from laminar flow. Usually, it is consid-
ered that laminar flow exists at a low pumping rate. ,e
flowing velocity at the horizontal pipe will be much larger
than the critical settling velocity of sand, so sand will be
carried by fluid to flow into perforations without settling
down to the pipe bottom.

No matter the pumping rate is higher or lower, sand
distribution is uneven among perforation clusters with the
same parameters. Comparing Figure 3 with Figure 4, it
shows that sand distribution is almost the same at lower sand
concentration, but the difference will become more serious
after sand concentration is raised.
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3.3.2. Clusters Contain 3, 4, and 5 Perforations. In this
experimental group, the first perforation cluster near the
pump has 3 perforations, the second cluster has 4 perfo-
rations, and the last cluster has 5 perforations. ,e diameter
of each perforation is 0.25 inches, and other test conditions
are the same as the first group experiment. ,e objective of
the experiments is to study the influence of perforation
numbers on sand distribution and determine whether ad-
justment of perforation numbers can improve sand distri-
bution among clusters or not.

At the pumping rate of 30 gallons/minute, the perfo-
ration numbers in each cluster are listed in Figure 5, and the
experimental results are shown in Figure 6. It shows that
sand weight distributed among perforation clusters are al-
most the same, and the difference is not as large as Figure 3
in the first group experiment. It testified that adjustment of
perforation numbers can balance sand distribution at each
perforation cluster. ,is result is meaningful and presents a

foundation for limited entry fracturing, which is promoted
for multistage horizontal wellbore fracturing in the shale gas
reservoir. When the pumping rate is increased, sand dis-
tribution among perforation clusters will become more
uneven, so it is necessary to change other perforation
parameters.

Because sand distribution becomes more uneven at a
higher pump rate, the perforation numbers are changed in
the next experiments. ,ere are 5, 4, 3 perforations sepa-
rately in the position of the first, second, and last perforation
cluster, as shown in Figure 7. Meanwhile, other experimental
parameters are not changed. ,e experiment is conducted at
higher pump rates with different sand concentrations. ,e
results are shown in Figure 8. Obviously, sand distribution
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Figure 1: Experimental equipment and work flow (Faraj and Miskimins, 2011).

Table 1: Experimental groups and parameters.

Groups Each cluster with 4 perforations Clusters contain 3, 4, and 5 perforations

Pumping rate, gallon/minute 30, 50, 80 30, 50, 80
Sand concentration, pound/gallon 0.2, 0.4, 0.6, 0.8, 1.0 0.2, 0.4, 0.6, 0.8, 1.0

Figure 2: Perforation displaced in the pipe at 90 degrees for each
cluster.
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Figure 3: Sand distribution along perforation clusters at a pumping
rate of 30 gallon/minute.
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among perforation clusters is different a little as the sand
concentration is the same. It shows that perforation numbers
can also affect sand displacement among perforations, es-
pecially at a higher pumping rate.

4. Discussion

Sand distribution among perforation clusters will vary
highly at different experimental conditions. For 40/70 mesh
sand, it will create highly uneven sand distribution at the
pump rate of 30 gallons/minute, and more sand will settle
down at the first perforation cluster. At this condition, al-
though flow velocity in horizontal pipe is higher than sand
critical-velocity, the fluid is difficult to suspend and carry
sand.,us, a large part of the sand will settle down at the first
perforation cluster near the pump. When the pumping rate
is increased to 80 gallons/minute, sand distribution will
become more uneven, but more and more sand will settle
down at the last perforation cluster. Because flow velocity
attains a higher value in the horizontal pipe, sand is difficult
to settle down at the first perforation cluster. ,e ratio of
horizontal flow velocity to vertical settling velocity is be-
coming higher, then the horizontal flow will dominate sand
settling, and vertical settling velocity will be negligible.
Meanwhile, sand resuspension after settling will occur at
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Figure 4: Sand distribution along perforation clusters at a pumping
rate of 80 gallons/minute.
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0

5

10

15

20

25

30

Sa
n

d
 w

ei
gh

t 
(l

b
s)

0.2 0.4 0.6 0.8 1.0

Sand concentration (ppg)

Cluster 1

Cluster 2

Cluster 3

Figure 6: Sand distribution along perforation clusters at a pumping
rate of 30 gallons/minute.
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higher flowing velocity, and sand will be flushed further by
fresh water.

When perforation numbers are changed in the second
group experiment, sand distribution will be even among
perforation clusters at a low pumping rate of 30 gallons/
minute. Since sand easily settles down in the first cluster at
30 gallons/minute, as shown in the first group experiment, so
perforation numbers are decreased to 3, then more sand will
be transported farther the first cluster. Sand settling velocity
is similar in two group experiments, but sand will not enter
into perforations easily in the second group experiment, and
sand settling will result in the flow area decreasing, then, the
flow velocity will become higher, and more sand will be
flushed to other clusters at last.

At a higher pumping rate, the role of perforation
numbers is not obvious, so perforation diameter is enlarged
in the first cluster. Along with raising the flow rate, the flow
velocity in the horizontal pipe is becoming higher, and
turbulent flow will occur. In this flow status, sand will be
mixed with fresh water evenly, and sand will easily flow into
perforations with a larger diameter. Finally, sand can dis-
tribute evenly among perforation clusters by enlarging the
perforation diameter in the first cluster and adjusting per-
foration numbers in other clusters.

5. Conclusion

From the theory of proppant transportation in the hori-
zontal pipe and the experimental results of two groups, the
following can be concluded.

In the first experimental group, 40/70 mesh sand was
pumped at the rate of 30–80 gallons/minute, and sand
concentration varied between 0.2 and 1.0 pounds/gallon.
,ere are 4 perforation numbers at each cluster. Sand dis-
tribution among perforation clusters is uneven at a lower
pumping rate, and the first cluster will be filled with more
sand. When the pumping rate is 30 gallons/minute, more
sand will accumulate at the first cluster perforation, along
with the increase of sand concentration. At a higher pumping
rate, more sand will enter into the last perforation cluster. At
the pumping rate of 80 gallons/minute, a large portion of sand
deposited down to the last perforation cluster.

In the second experimental group, 40/70 mesh sand,
pumping rate, and sand concentration remained the same as
the first group, but the perforation numbers and diameter
are changed. ,e experimental results showed that uneven
sand distribution can be improved by adjusting perforation
numbers and diameters. At a lower pumping rate, sand can
be distributed almost evenly by changing perforation
numbers. Sand volume entering the first perforation cluster
can be decreased by reducing perforation numbers from 5 to
3. At a higher pumping rate, sand volume flowing into each
cluster can be controlled evenly by increasing perforation
diameters.

In comparison with the results of two experimental
groups, it can present a good foundation for limited entry
fracturing applied in shale gas, and the results will be helpful
for understanding the phenomenon of uneven proppant
distribution among perforation clusters.

Abbreviations

vDc: Critical deposition velocity, at which a particle
bed forms in the pipe bottom, represents the
lower pump rate limit for minimum particle
settling, ft/s

C: Solid concentration, volume fraction
d: Inner diameter of pipe, inch
dp: ,e average particle diameter, inch
F: Fraction of eddies with velocities exceeding

hindered settling velocity
β: Ratio of particle to fluid densities, β � (ρp/ρf)
ρp: Density of particle, pound/ft3

ρf: Fluid density, pound/ft3

g: Acceleration of gravity, ft/s2

NRe
′ : Modified Reynolds number,

NRe
′ � (dρf

���������
gdp(β − 1)

√
/μa)

μa: Apparent viscosity of non-Newtonian fluid,
μa � K′(c)

n′− 1

K′: Consistency index, power-law-model constant
n′: Flow behavior index, power-law-model constant
c: Flow function, c � (8v/d) � (32q/πd3)
q: Flow rate, gallon/s
Y, w, and
z:

Adjustable constants.
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