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ABSTRACT 

 

Perforation operation is an elemental key step in the process of well completion. It 

involves creating a flow path between the reservoir and the wellbore for the inflow of the 

reservoir fluid into the wellbore. Nowadays special consideration is being given to the 

design of the perforating procedure in order to devise a completion plan that can enhance 

the final productivity. 

 

Normally most of the oil and gas wells are perforated with cemented casing. During 

perforation a flow path is created with help of high energy detonation by special shaped 

charges. This high energy causes a reduction in the permeability in the surrounding 

region of the resulting perforation tunnel, known as crushed zone. The reduction in the 

permeability is due to the shattering of the large grains into smaller grains. Parameters 

like crushed zone permeability, perforation length and diameter, angle between the holes 

and the pressure profile during perforation plays an important role in achieving optimum 

perfroration. 

 

All perforating techniques are meant to obtain common objective; to have debris free 

perforations with maximum flow towards the wellbore. Due to variation in the the well 

characteristics, selecting appropriate technique(s) alongwith gun conveyance systems and 

accessories that can give optimum perforations, is a challenge. The optimum perforation 

method is defined as the one that contributes maxium towards well productivity and its 

stability without any flow impairment. These methods include underbalance perforation, 

dynamic underbalance perforation and overbalance perforation. 

 

This study provides a comprehensive overview of the perforation process and its 

techniques with its application in oil and gas industry. Various factors influencing the 

selections of these methods are also discussed. 
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CHAPTER 1 INTRODUCTION 

 

The life of a well depends on years of exploration, months of well planning, and weeks of 

drilling and results from optimal completion. Completions are the interface between the 

reservoir and surface production (Bellarby, 2009). Well completion incorporates the steps 

taken to transform a drilled well into a producing one. These steps include casing, 

cementing, perforating, gravel packing and installing a production tree. Profitability is 

strongly based on this critical link between the reservoir and wellbore, which begins with 

the millisecond of perforation.  

 

Perforation is the only way to establish conductive tunnels that link oil and gas reservoirs 

to steel-cased wellbores. Normally in the process of completion many parameters, such as 

borehole condition for data acquisition, cementing and formation details to avoid flow 

impairment, are taken under consideration.  However, it is often seen that perforation 

operation usually doenst get much importance during completion. Perforations can 

significantly affect the total completion efficiency. This high explosive activity can create 

negative effects, like damaging the formation permeability around perforation tunnels. 

These damage and perforation parameters, like penetration length, penetration hole size, 

number of shots, and the angle between holes, have a direct impact on pressure drop near 

a well and therefore, on production. The main objective of perforating is to optimize 

these parameters and mitigate induced damage. 

 

1.1 COMPLETION 

As the word “Completion” generally means the act or process of making complete, or in 

other words, making a way for the hydrocarbons from the reservoir to move to the 

surface safely and efficiently, thus a well can be said to be completed. This usually 

includes making the bottomhole conditions according to the required specifications, 

providing accessibility for the tools and equipment for different operations, like running 

casings followed by perforation between wellbore and reservoir boundary, and then 

inserting the production tubing and sealing it with packers; after that the wellbore is 
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covered by a Christmas tree containing different types of valves and fittings. This helps 

in future workovers and maintenance jobs. The main objective of the completion is to 

enhance or maximize the production, which is usually modeled by the fundamental Darcy 

equation in the following radial flow system: 

 

q = 
                    

          
  

       
          1.1 

 

where  q   = flow rate, STB/day 

 Pe  = external pressure, psi 

 Pw = bottomhole flowing pressure, psi 

 k  = permeability, md 

 µ  = viscosity, cP 

  β  = volumetric factor (oil or gas), bbl/STB or ft
3
/scf 

 h  = Interval thickness, ft 

 re  = external radius to the reservoir boundary, ft 

 rw = wellbore radius, ft 

 S  = Skin 

 

Although nowadays there are many different types of completion, the above process can 

be summarized into three basic categories. 

 

 Barefoot Completion  

 Pre Slotted Liner Completion 

 Cased Hole Completion 

 

1.1.1 BAREFOOT COMPLETION  

In this low cost technique, also known as openhole completion, the last casing is set just 

above the production zone; i.e., no casing or liner across the reservoir face, leaving the 

production zone bare to the wellbore.  This type of completion helps in better analysis of 

the parameters like formation damage, wellbore cleanup, and fluid loss, since the fluid 

flows directly from the formation into the wellbore. It is considered for consolidated 

formations (naturally fractured like limestone and dolomite). It generally depends upon 

the rock strength maintaining wellbore stability, which is why it also has the considerable 

disadvantage of wellbore collapse, and intervention or treatments are not recommended.  

However, openhole completion is widely known for horizontal wells in which cementing 
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operation is more expensive and challenging. Therefore to overcome that, this completion 

is considered 

 

1.1.2 PRE- SLOTTED LINER COMPLETION 

To counter wellbore collapse and improve stability, a pre-slotted un-cemented liner is 

used across the openhole production zone. With this arrangement, activities like wellbore 

intervention, remedial processes, and zonal isolations (such as water zones) with the help 

of special equipment, are possible, something that is not possible for openhole. The 

slotted liner technique can also be used to prevent and/or filter the downhole sand from 

the fluid entering the wellbore, but it is not considered as a typical sand control 

completion, since the size of the slots are not small enough to stop tiny particles of sand; 

for that there are special techniques, one of which is Gravel Packing. At high rates these 

liners tend to erode, letting the sand into the wellbore. Lower mechanical rock strength 

can even sometimes cause the liner itself to collapse.  

 

Figure 1.1: Barefoot (a) & Pre-Slotted Liner Completion (b) (Courtesy, www.kaskus.us) 

 

 

http://www.kaskus.us/
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1.1.3 CASED HOLE COMPLETION 

In this type of completion, a metallic casing is set in the wellbore right to the production 

zone and cemented completely, protecting the openhole from the formation pressure and 

wellbore stability. In order to make a link between the wellbore and the formation, the 

casing, cement, and the formation are perforated to allow the oil or gas to enter into the 

wellbore and start the production. This is done by running a perforating gun at the desired 

location of interest, defined precisely with the help of drilling and gamma ray logs, and 

then engaging the gun, which consists of shaped charges or discharged jets. These 

perforations make a clean and potentially optimum connection between the wellbore and 

formation with minimum formation damage. According to Larry Behrmann et al. (2000), 

Perforation Completion plays a crucial role in hydrocarbon production, as perforating is a 

key to successful exploration, economic oil and gas production, long-term well 

productivity, and efficient hydrocarbon recovery. Even though cost can be a negative 

factor for this technique, especially for horizontal wells with high shot intervals, optimum 

production cancels out this point. 

 

Nowadays cased hole completion is being widely used throughout the world in both 

onshore and offshore areas. Its versatility allows more zones to be added after initial 

completion, it can be used to shut off water or sand producing zones during the end of a 

well life, and by using plugs, straddles, or cement squeeze treatments, chemical 

treatments and isolation of zones can be done very easily. 
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Figure 1.2: Cased Hole Production (Courtesy, www.kaskus.us) 

 

In the following chapters we will be focusing more on the process of perforating and its 

parameters, and how it plays a major role for optimum production and efficient wellbore 

life.  

 

1.2 REPORT OUTLINE  

This report is divided into six chapters. Chapter 1 gives an overview of the perforation 

process, why it is the key factor in the completion process in increasing the productivity, 

as well as the negative aspects encountered during this activity that affect the production. 

 

In Chapter 2, key perforation terminology from the oil and gas industry is discussed in 

order to familiarize the reader with the fundamentals of perforation process. Different 

perforation methods used today are highlighted, and with important considerations for 

obtaining optimal perforation with respect to the charge design and characteristics. 

 

Chapter 3 explains the effects of underbalance and overbalanced perforation techniques 

on cleaning the debris from perforation tunnels and how they can assist in improving the 

productivity and reduction of formation damage. Some field studies along with their 

results are also examined.  

http://www.kaskus.us/


 

 6 

 

Chapter 4 compares the various types of conveyance methods and gun systems that can 

be used for optimal perforation and their applications.  

 

Chapter 5 highlights important factors and guidelines that will help in selecting the 

appropriate method for efficient perforation. 

 

Chapter 6 presents the conclusions based on this literature review.  
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CHAPTER 2 FUNDAMENTALS OF PERFORATION 

 

2.1 INTRODUCTION 

Perforation is the process of making a flow path between the wellbore region through the 

casing wall and cement layer all the way to the reservoir production zone. These 

perforated holes, providing a flow path, are used to recover formation fluid, as well as to 

inject gas, cement, or other agents into the formation. This flow path has to be as clear as 

possible and its effectiveness depends upon the procedure of forming these paths; 

perforation. According to Larry Behrmann et al. (2006) “The economic value of an oil 

and gas well depends on the connection between the wellbore and the formation which is 

done by perforation. The completion and production engineers have three key objectives: 

allow the oil into the well, where it can flow naturally or be pumped to the surface; 

exclude water from overlying and underlying units and keep any rock formation particles 

out of the well”. The objective of this chapter is to investigate the perforation process and 

its different methods leading to perfect penetration. 

 

2.2 KEY PERFORATION TERMS 

2.2.1 ORDER 

This term is used to categorize the firing of the explosive/charge. A low order firing 

means that the explosive fails to achieve maximum energy potential leading to no or 

ineffective perforations. This process, which is also known as burning, is usually caused 

by variations in temperature and poor detonating cord conditions.  

 

2.2.2 DETONATION CORD 

This cord is connected to the secondary explosive which transmits energy to the charges 

for their detonation/initiation. 
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2.2.3 PRIMARY EXPLOSIVE    

These explosives are use to initiate or detonate the explosive sequence. They are located 

in the detonators and some booster devices. They are usually detonated by heat, provided 

by electrical power or impact-pressure driven firing gun. 

 

2.2.4 SECONDARY EXPLOSIVES 

These explosives are high order explosives; i.e., they are harder to initiate and are much 

less sensitive than primary explosive. Generally a secondary explosive is detonated either 

by a primary explosive or by electrically generated shock. 

 

 

2.2.5 INFLOW PERFORMANCE CURVE 

This describes the relationship between the production flow rate and the drawdown 

pressure between the average reservoir pressure and the atmospheric pressure.  

 

2.2.6 PRODUCTIVITY INDEX 

The productivity index is the slope of the IPR curve; i.e., 

      
 

       
        2.1 

where         = average reservoir pressure, psia 

     = bottomhole flowing pressure, psia 

 q      = flow rate, STB/ day 

2.2.7 PERFORATION FLOW EFFICIENCY 

Also known as productivity ratio, this is the measure of the flow rate through a perforated 

hole as compared to the ideal flow rate through the perforated hole of the same length and 

diameter. Normally good perforations have around 80% perforation flow efficiency. 
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2.2.8 SHAPED  

In these charges compressed metal powder in a case (cone) is surrounded by a secondary 

explosive which is initiated by a detonating cord, penetrating all the way from casing and 

cement sheath to the formation. 

 

2.2.9 PHASING 

This term in petroleum industry is used to describe the angle between the charges. 

Common phasing are 0°, 180°, 120°, 90° and 60° with varying linear distance between 

the charges along the gun body.  

 

 

2.2.10 SHOT DENSITY 

This is the measure of the perforations made per unit length of the gun. It is given by 

shots per meter or foot (spm/spf). Common shot densities are 4-12 spf (13-39 spm). The 

density usually depends upon the production requirements and formation characteristics 

 

2.2.11 WIRELINE OPERATIONS 

In these operations wire cables are used to lower down the equipment or devices into the 

well for measuring different reservoir characteristics and also during various workovers 

or maintenance jobs. 

2.3 HISTORY 

The era for perforation technology started in the times when wells were of shallow depth 

without any casing, and explosions were used to allow the flow of hydrocarbons from the 

formations. However, with the increase in depths and to maintain wellbore stability, 

casings had to be introduced and the perforated-casing completion method became a 

familiar and essential part of the industry. 
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In early 1900s mechanical puncturing methods, which consist of a single-knife casing 

ripper with a rotating mechanical blade to make a hole in the casing, were used.. In 1932 

bullet guns were used as the first perforating devices. The mechanism is very simple: a 

hardened steel bullet is fired from a short barrel all the way through casing, cement 

sheath, and formation. They are especially effective for soft and brittle formations. These 

bullet guns were replaced by shaped-charge perforators, which relied on the working 

principle of the military weapon Bazooka and became the most familiar perforating 

devices in the late 1950s.  

 

Over the period of time, many advancements in the perforation system technology have 

been made, depending upon the perforating depth and configuration of shaped charges by 

means of wireline, tubing, or coiled tubing and deploying these charges in the wellbore 

with the help of proper perforating guns designed to give optimum perforations.   

 

 
Figure 2.1:  Development of Perforation Technology (Courtesy: Behrmann et al, 2006) 
 

2.4 PERFORATING METHODS 

2.4.1 BULLET GUNS 

As mentioned earlier a bullet is fired at a velocity of around 900 m/s from the barrel into 

the formation, giving an accurate hole with rough internal surface and shattering the 

surrounding rocks, which helps in increasing its permeability next to the perforation. The 

energy of the bullet is directly proportional to its mass and the amount of propellant. The 
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length of the perforation is the function of the formation strength and pipe thickness. For 

chalks observed lengths are observed as 15 in., while for dolomites it is around 2-3 in. In 

order to increase the permeability throughout the area of interest, a large number of bullet 

perforators are made, which are later sealed by ball sealers, quickly and efficiently 

sealing the increased bullet perforations. 

 

Although bullet perforating is favorable for its high permeability around the tunnels with 

accurate hole size and shape, they are limited to soft formations and are ineffective for 

hard formations and heavy or alloy pipe, where they have shallow penetration and the 

fired steel bullet also stays in the tunnel with the debris. 

 

2.4.2 SHAPED CHARGE 

Among the many improvements in perforation methods, shaped charges proved to be the 

most optimal method for creating perforations. In this method, perforations are generated 

within microseconds, using a small amount of high explosives along with a liner in the 

form of a jet. The aim of these charges, which are also known as deep penetrating 

charges, is to generate the maximum perforation length. This is achieved by the relatively 

tight conical geometry of the shaped charge, as shown in the figure below. These charges 

consist of a primer, case, high explosive, and a conical liner. This whole assembly is 

linked to a detonating cord.  
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Figure 2.2: Shaped Charge & its Detonation Sequence (Source: Bakker et al., 2003) 

 

The sequence begins by the ignition of the detonating cord, pushing the primer at high 

energy and detonating the main explosive/charge. As a result, expansion of the case and 

collapsing of the liner take place simultaneously, turning it into a jet of fluidized metal 

particles penetrating to casing, cement, and formation. This explosion wave travels with a 

velocity gradient of 3,000 m/sec (11,000 ft/sec) - 6,100 m/sec (21,000 ft/sec) (Lake, 

2007) and with pressure of about 7.5 million Psi (50 GPa) (Behrman, 2000). This should 

be done in high order to generate high energy, as the failure to do so will result in the 

explosive being burnt at low order with very slow energy release. 

 

This process reduces the surrounding permeability of the perforation as the jet explosion 

pushes aside everything in its way through the tunnel, forming a crushed zone right after 

the firing and reducing the pore throat’s dimension 
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Figure 2.3: From Detonation to Cleanup (Courtesy : Khonget al, 2006) 

 

 

2.4.2.1 LINER DESIGN & GEOMETRY  

The perforation hole size depends upon the shape of the charge. Initially solid metal 

liners were used to generate high density charge and big holes, but these often caused 

large amounts of debris and undesirable metal slugs leading to plugging of perforations. 

However, improvement in the technology led to new liner designs and geometry resulting 

in less debris and large perforation hole diameter. These new liners used with 

sophisticated advanced shaped charges (Powerjet and Power Flow) consist of high-

density material which yielded maximum penetrations. They also give maximum area to 

open flow (AOF), highest remaining casing strength, and least debris. 

 

2.4.2.2 CHARGE CASE  

Charge case type plays an important role in the degree of perforating debris. Zinc cases 

break up into small particles which are acid soluble or can be pumped out. According to 

Javora et al, (2000), Chloride rich fluid and gas permeating into the wellbore may 

combine to precipitate a solid from zinc debris that can stuck guns and also leading to 

formation damage. Also signs of gun shocks are observed for partial consumption of zinc 
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during charge detonation. This problem was overcome by a new technology of gun type 

with a carrier in which steel is used in place of zinc, breaking into large pieces and 

staying in the carrier. 

 

2.4.3 BIG HOLE SHAPED CHARGE 

Normally shaped charges are design to increase the perforation length within 

consolidated formations; however, for reservoirs prone to sand production or gravel 

packing application, big hole shaped charges are used with high shot density to increase 

the efficiency of the sand control process.  This charge consists of a hemispherical shaped 

liner that produces a slow moving jet generating a large perforation diameter. The annular 

gap between the internal casing diameter and the gun diameter should be enough so that 

proper development of the jet takes place, leading to successful firing. Therefore, gun 

centralization is recommended for the application of these charges. According to studies, 

by increasing perforation diameter above 0.25 in. there is a very small increase in the 

productivity (discussed in Chapter 5). Because of that the performance of shaped charges 

are usually based on the degree of perforation length; usually deep penetrating shaped 

charges are preferred. 

 
Figure 2.4: Big Hole Vs Deep Penetrating Charge (Courtesy, Halliburton) 

 

 

2.5 EXPLOSIVE SELECTION 

The main explosive used for perforation is in the shaped charge, which is the secondary 

explosive linked to the detonating cord. They are difficult to initiate and are usually 

excited by a primary explosive with the help of an electrical source. The mass of the 

explosive depends upon the type of guns and size of the charge shape; normally they vary 

from 20 gm - 50 gm. Research Department Composition X (RDX) is a commonly used 
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explosive for perforation purposes For higher temperature conditions, with the increase in 

molecular weight of RDX, Higher Molecular Weight RDX, usually known as HMX, is 

used. Different combinations of explosives can be used as penetration decreases with 

high temperature conditions. A combination of HNS (Hexantristilbene) and TATB 

(Triaminotrinitrobenzene) is used for better penetration with high temperature stability. 

Since downhole temperature plays an important part in the selection of explosives, 

Economides et al. 1998a experimentally deduced the curves shown below, representing 

temperature limits for explosives used during perforation process. 

 
Figure 2.5: Temperature Stability of Perforating Explosives (Courtesy, M.J. Economides, 

L.T. Watters, and S. Dunn-Norman) 

 

Working within these limits will lead to optimal detonation, while beyond that will lead 

to the reduction in explosion power (low-order detonation), causing burning or auto 

detonation. Therefore, the choice of explosives also depends upon the type of gun 

deployment strategy applied, varying in downhole time intervals. Allowance should be 

given for any unexpected downtime in operations in order to avoid the failure of 

explosive.  

 

2.6 ESTIMATION OF PERFORATION LENGTH & FACTORS EFFECTING 

THE PERFORATION LENGTH 

The degree of perforation length is usually predicted by doing a physical core shoot test 

and then comparing its parameters with the actual formation parameter. These 
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experimental tests used to determine parameters like perforation length and perforation 

diameter on core targets, are standardized in API Recommended Practices 19B. Berea 

sandstone and concrete have been set as standard material cores for comparing it with the 

actual material of the formation. Berea sandstone is used due to their availability with 

properties; strength (5,000-10,000 Psia), permeability (100-400 md) and about 20% 

porosity. Several tests have been carried out in the laboratory to investigate the effects of 

downhole conditions and operating parameters on perforation dimensions and flow 

efficiency.  

 

Behrman (1991) examined the characteristics and effect of the permeability damage 

around the perforation in core targets. He concluded that a region is created around the 

perforation in which loss of permeability occurs due to the breaking of the larger grains 

which are replaced by smaller grains. Later Behrmann and Halleck (1998a) presented 

extensive comparison data between penetration and strength of Berea sandstone and 

concrete targets, which showed that penetration length decreases linearly with the 

increase in formation compressive strength.  

 

 

Figure 2.6: Concrete & Berea Sandstone Penetration vs Formation Compressive 

Strength (Source: Behrmann & Halleck, 1998a) 
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Blosser (1995) also confirmed that in high rock strength formations, found in Cusiana 

and Cupiagua fields in Colombia, with a compressive strength of 25,000 psia, small 

perforation lengths are obtained which were within the damage zone.  

 

Smith et al. (1997) determined that perforation length also depends upon the lithology of 

the formation. Penetration depth decreases in formations containing hard and soft layers, 

especially in deviated wells. Figure 2.7 shows that penetration is usually stopped and 

diverted along a weaker/less dense path when a hard layer is encountered. This problem 

was overcome by the development of special hard rock charges giving improved 

penetrations. 

 

Figure 2.7: Diversion of penetration towards less dense layer when encountering a 

hard formation layer. Light color regions are high density rocks. (Source : 

Smith, 1997) 

 

Perforation depth is also linked with formation effective stress. Reservoir rock is 

subjected to overburden stress caused by the weight of the earth above and the associated 

lateral stress. While the pore fluid experiences some characteristic reservoir pressure, also 

known as pore pressure (Pp). Effective stress at any point is described in three 

components. They are radial stress component, acting along the radius of the wellbore, a 

hoop stress acting around the circumference of the wellbore, and an axial stress acting 

parallel to the well orientation. Since reservoir consists of rock matrix and a fluid. The 

overburden stress is balanced by the pore pressure and partly by rock matrix. The total 

overburden stress is equal to the sum of pore pressure and the effective stress. In 

laboratory this stress environment is developed, with overburden stress created by 
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confining the core in a pressurized liquid surrounding. This is known as confining stress 

(σc) and is usually isotropic, though in real reservoir it is not isotropic. Since we are 

concerned with the failure of the reservoir rock matrix, the equation for effective stress 

can be written as σeff = σc - Pp. While for rock deformation, a pore pressure multiplier is 

used in the equation to get σeff = σc - αPp (0<α <1). This pore pressure multiplier is known 

as Biot’s constant and its value varies from zero to unity ranging from low values for 

tight rocks and high values for high porosity and high permeability rocks.  

 

Halleck et al. (1998) studied the relation between the penetration depth and effective 

stress (σeff = σc - Pp) at different combination of confining stresses and pore pressure. He 

concluded that penetration depth is inversely proportional to effective stress. While B. 

Grove et al. (2007) further studied these results and found out that, with pore pressure 

values lower than the confining stress the data is much more uniform and lie near the 

reference curve (Figure 2.8a). Subsequently he compared previous laboratory results 

(Halleck et al. 1988) between penetration depth and effective stress (σeff = σc - Pp) with 

his results using the modified effective stress equation (σeff = σc - αPp) using α = 0.5 

(Figure 2.8b). This yielded much better exponential fit to approximate the pore pressure 

data. He stated that pore pressure has a significant effect on the value of effective stress 

and therefore it helps in better analyzing the effects of effective stress on penetration 

depth. From the data he proposed the following relationship between penetration depth 

(PD) into Berea sandstone and effective stress: 

 

   PD =    
                               2.1 

 

Where  PD   = Penetration Depth, in. 

       = Effective Stress, ksi 

         = Lowest Effective Stress Selected, ksi 

  c1 = Coefficients 
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Figure 2.8: (a) Penetration Depth vs Rock Effective Strength (σeff = σc - Pp)  (Grove, 2007) 

(b) Penetration Depth vs Rock Effective Strength (σeff = σc - αPp, at α = 0.5) 

       (Grove, 2007)  

 

A.C. Seibi et al. (2008) presented a mathematical model to estimate penetration length by 

a shaped charge in oil wells. His model was based on a work-energy method depending 

upon factors like drag force caused by the fractured target resistance, effective surface 

area of contact, strength of the casing, cementing and formation, fluid viscosity and the 

change in the kinetic energy of the system. By applying work energy theorem to the 

perforation process, we will get the following general equation: 

(Change in Energy)Perforation process = (Work done by all the forces) Perforation process 

    
 

 
   

          
              2.2 

Where D = Penetration Depth, m 

 mc  = Mass of the Charge, kg  

 FR = Drag Force, N 

 V = Speed of the Charge, m/sec 

  

The drag force can be calculated by the relation           
 
 . Where the Aeff is the 

effective area of contact and Pi is the contact pressure between the shaped charge and 

different materials (casing, cementing and formation). It can be calculated by using 

Bernoulli’s principle (1738) between the shaped charge and the target. Therefore the final 

equation for the penetration is: 



 

 20 

 

     
  
 
    

         

 

 
     

     
 
    

 

 

 
    

 
 
   

        2.3 

Where D = Penetration Depth, m 

    = Contact Pressure, pa 

 F’(x) = Slope of the effective surface area 

   

The velocity gradient of the fluid jet from the charge is usually 3,000 – 6,100 m/s. This 

model was incorporated into a user-friendly program and helped not only to estimate the 

perforation depth but also the effects of various parameters like speed of the charge, 

effective area of contact of the charge and formation strength. Through his model he 

concluded the following: 

 

 Penetration depth increases as the charge speed increases (Fig. 2.9). Optimal 

perforation length will be achieved with maximum speed of charge. This shows 

that an optimal velocity must be achieved in order to avoid a decrease in 

penetration.  

 

 The lower the effective surface area of the charge during penetrating, higher will 

be the penetration depth (Figure 2.10) 

 

 Similarly penetration depth is inversely proportional to the material strength of 

the formation (Figure 2.11).  
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Figure 2.9 Effect of Initial Speed on     Figure 2.10 Effect of Surface Area on 

penetration depth    perforation depth (Seibi, 

(Seibi, 2008)     2008) 

       

 

 

 

Figure 2.11 Effect of Formation Material    

Strength on Penetration Depth       

 (Seibi, 2008)  

 

Studies on perforation depth estimation are still going on to investigate the effects of 

many factors like charge geometry, formation damage, reservoir fluid, downhole 

conditions, and reservoir characteristics. Based on these results many models are 

developed which helped to predict the perforation depth (A. Roostapour et al, (2005), 

C.H. Yew et al. (1993)). They all are usually incorporated into well performance 

production software and are used for penetration and production prediction purposes. 
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CHAPTER 3 ROLE OF UNDERBALANCE AND OVERBALANCED 

PERFORATION 

 

As the guns are detonated, creating holes in the casing, cement, and the formation, 

particles from the charge; liner particles, charge case particles and mud are pushed into 

the formation as debris. This large energy released powderizes formation rock grains, 

making a low-permeability crushed zone around the perforation cavity and hindering 

fluid movement (Figure 3.1).  

 
Figure 3.1: Perforation immediately after creation (Source: Jonathan Bellarby, Well 

Completion Design, 2009) 

 

This crushed zone is caused by the replacement of the large pores with smaller ones, 

reducing the permeability (Pucknell & Behrmann, 1991). Its thickness depends upon the 

type of charge, pore fluid, and the type of perforating technique; however, it is normally 

assumed to be 0.5 in. with porosity 80% reduced. The total formation damage between 

the wellbore and the formation during this process is measured by a dimensionless term 

known as Skin (S), which is calculated to determine production efficiency of a well by 

comparing the actual conditions with ideal or theoretical conditions. In equation 1.1 

positive skin means there is some damage and a negative value means enhanced 

productivity, whether by some treatment or stimulation method. This skin is caused by 

different parameters: 
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 The change in radial flow geometry due to the flow convergence near the 

wellbore (S1). It is based on parameters like penetration depth, shot density, 

perforation diameter, and gun phasing. 

 

 The wellbore fluid invasion into the formation at a certain distance reducing the 

permeability (Ks) around wellbore area, shown as Damage Zone (S2) in Figure 

3.2.   

 

 The amount of low-permeability crushed zone (Kc) caused by the charged-shape 

jet (S3). 

 
Figure 3.2: Skin Factors influencing Productivity (Source: W.T. Bell, SPE-13413) 

 

Past study results (Charlie Cosad, 1992) shows that productivity is affected by the degree 

of damage zone generated. Figure 3.3 illustrates that as the damaged zone increases 

production decreases.  

 
Figure 3.3:  Effect of Damage Zone on the Productivity Ratio with 9 in. perforation length 

(Source: Cosad, 1992)  
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After perforation, flowing the well can help in cleaning the debris from the perforations 

due to the resulting drawdown between the wellbore pressure and the formation pressure, 

but as the drawdown decreases with time, the cleanup process through the perforation 

also gradually decreases. In addition, the production of sand may lead in plugging of the 

perforations.  

 

There are many other ways to remove the damage and improve the flow capacity. One of 

them is the pressure differential between the wellbore and the formation during the 

perforation process, which depends upon required reservoir formation strength and 

permeability.  Underbalance perforating and overbalance perforating are the fundamental 

techniques to clean the perforation and improve productivity. They will be discussed in 

the following sections. 

 
Figure 3.4: Difference between the overbalance and underbalance pressure differential, 

with bold arrows representing high pressure and thin arrows representing 

low pressure 

 

 

3.1 UNDERBALANCE PERFORATION  

In underbalance perforation the wellbore pressure, before perforation, is kept less than the 

formation reservoir pressure. This way, with high permeability, the initial fluid influx in 

the tunnel helps in breaking the crushed zone loose and taking it out from the tunnel into 

the wellbore (George E. King, 2007). But as the reservoir pressure equalizes with 

bottomhole pressure, the rate of clean up decreases throughout the total number of 

perforations. Therefore, complete cleanup is based on the assumption that the wellbore 

pressure remains constant during perforation and cleanup process. For actual conditions, 
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table 3.1 (Bell, 1982) has been deduced with the help of different completion readings 

throughout the world. 

 

 
 

Table 3.1: Optimum Underbalance values for Liquid & Gas w.r.t. permeability 

(Courtesy: Bell, 1982) 

 

Around the end of the 1980s, a research study indicated that surging right after the 

perforation has a major part in cleaning the perforated zone, which is obtained by 

adequate flow rate. The minimum flow rate from a single perforation to clean the debris 

is around 4 gal (King, 2007). This flow rate depends upon the permeability of the rock 

formation.  

 

3.1.1 PERMEABILITY EFFECT 

In real formation conditions, there will be variation in permeability that may cause a 

different degree of formation damage and amount of debris for each perforation. 

Therefore underbalance pressure should be adjusted in such a way (Table 3.1) that it 

cleans as many perforations in the interval as possible. For example, a higher 

permeability zone will clean up more quickly and require lower pressure differential 

between the wellbore and formation as compared to low permeability zones. There are 

also some relations, derived below, in order to get optimum underbalance pressure 

depending upon the permeability and dynamic forces like drag.  

 

In 1990, Tariq proposed a relation based on drag loads on the fluid particles, mitigating 

permeability damage: 

   Δp = 3100  (Oil Wells)     3.1 

           
 

k
0.37
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Δp = 3100  (Gas Wells)     3.2 

           
 

k
0.4

  

Where “k” is the permeability in milidarcy (md). Behrmann (1996) included the effects 

of perforation diameter (D) for optimum underbalance differential Δp with Eq. 3.3, based 

on the assumption of zero formation damage: 

 

Δp = 1480øD
0.3

  (k>100 md)    3.3 

        
     

k
0.5

 

Δp = 687øD
0.3

  (k <100 md)    3.4 

        
     

k
0.333

 

where  D  =  Perforation diameter, in. 

            k   = Permeability, md 

            ø   =  Porosity, % 

           Δp =  Optimum underbalance differential, psi 

 

Bell recommended not to use above equations for formations with less than 1 md 

permeability because the values of optimum underbalance pressure obtained from 

equation 3.3 and 3.4 were too large, even greater than the reservoir pressure. In real 

conditions perforation damage can be calculated by following Skin equations given by 

Behrmann, 1996:  

 

Skins = (CD/20)
2
 * (2.64 – 0.00395*Δp k

.33
/øD

.33
)     (k <100 md)         3.5 

Skins = (CD/20)
2
 * (2.64 – 0.00183*Δp k

.5
/øD

.33
)     (k >100 md)         3.6 

 

Where “CD” is the charge diameter in millimeters. However, too much underbalance can 

cause flow impairment, since in soft formations production of sand can cause plugging 

and mechanical problems like chances of blowing of the gun up to the surface. This 

increases the formation damage and also causes tool string to get stuck. 
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3.1.2 DYNAMIC UNDERBALANCE 

Dynamic underbalance perforating is a perforation technique in which a rapid 

underbalance is created during perforation. It helps in improving the optimal flow rate 

and the effective cleanup of the perforations. During conventional static underbalance 

perforation, the wellbore pressure fluctuates for a fraction of a second due to a high 

pressure wave generated by the detonation of the shaped charges. This pressure wave, 

reducing the rock mechanical strength, propagates through the rock matrix with a high 

variation of wellbore pressure forming the desired perforation tunnel. This high pressure 

wave causes the rock matrix to undergo tensile or shear failure around the perforation 

tunnel. Shear failure occurs when the tangential or hoop stress at the perforation wall 

reduces the material strength. The pressure gradient near the internal walls of the 

perforation becomes negative (due to the generation of underbalance pressure) and high 

enough, to exceed the tensile strength of the material, tensile failure occurs. Therefore 

pore pressure decreases, decompressing the reservoir fluid around the perforation wall 

and the present drawdown between the wellbore and reservoir pressure, allows the 

reservoir fluid to flow into the tunnel. This sudden reservoir fluid flow generated by the 

wellbore pressure less than the reservoir pressure is known as surge flow. It causes the 

loose/weakened particles due to the rock failure and the charge debris in the tunnel to be 

displaced into the wellbore, cleaning the perforation tunnel. The occurrence of either 

shear failure or tensile failure of the rock during perforation was confirmed by Hoek et al. 

in 1996. He did many hollow cylinder collapse tests on different Berea sandstone core 

sizes to asses the stability of perforations and came up to a conclusion that perforations 

with large cavities usually fail under compression while small cavities fail under tension 

(Hoek et al, 1996). 

 

Walton et al. (2001) did some laboratory tests perforating a number of standard Berea 

sandstone cores with static underbalance and overbalanced conditions to investigate 

different values of transient/ dynamic pressure generated during perforation process. 

Figure 3.5 shows pressure variations in the perforation tunnel tested with different Berea 
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sandstone cores at static underbalance condtion (a) and overbalance condition (b). This 

was observed with the help of fast data sampling and high resolution pressure gauges 

which can record pressure variations during the first milliseconds of detonation 

(Behrmann, 1997). The main objective of these tests was to observe the behavior and the 

effect of different dynamic underbalance on the reservoir productivity and the extent of 

perforation clean up with the resultant surge flow. 

 

It can be seen from Figure 3.5 (a) that in Test 1 during detonation of gun, pressure from 

initial 1000 psi static underbalance rises for a milisecond and then followed by a decline 

to achieve a dynamic underbalance of more than 1000 psi as the wellbore liquid enters 

the gun. This wellbore pressure again increases and equalizes with the reservoir pressure 

as the fluid flows from the formation. Test 1 through 4 showed different pressure 

responses after detonation with maximum dynamic underbalance variation from -200 to -

1400 Psi.  

 

On the other hand in Figure 3.5 (b), tests 7 through 9 were detonated at a static 

overbalance of 1500 Psi. They all showed varied pressure responses with a maximum 

dynamic underbalance of more than -2400 psi in test 7. The level of underbalance 

generated during these tests depends upon a number of factors such as charge size, 

permeability of the region around the tunnel and rock mechanical strength (Behrmann et. 

al, 1997). High charge size will generate a much stronger pressure shockwave through 

the reservoir which will cause the shear/tensile failure of the rock matrix to a large extent. 

This will allow more fluid towards the tunnel. The dynamic underbalance generated is 

highly dependent on the permeability profile around the perforation tunnel. For high 

permeability a high underbalance can be generated within the first milliseconds as 

compared to low permeability region where a much delayed dynamic underbalance is 

achieved. 
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Figure 3.5 (a): Different pressure responses for 4 Berea sandstone cores 

perforated at an initial static underbalance of 1000 Psi. In Tests 1 

& 2 dynamic underbalance greater than the initial static 

underbalance is generated. In Test 3 a less dynamic underbalance 

is generated for a long period while in test 4 a slow decline to 

underbalnce is achieved. (Walton et al., 2003) 

 

 

Figure 3.5 (b): Different pressure responses for 3 Berea sandstone cores 

perforated at an initial static overbalance of 1500 Psi. In Tests 7 & 

8 a maximum dynamic underbalalnce was generated between -

2000 and -2500. (Walton et al., 2003) 
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Perforation lengths of these Berea sandstone tested cores were observed with the help of 

CT scans. It was found that the perforation lengths for both static underbalance and 

overbalance processes were very similar but the amount of debris left in the perforation 

tunnel differed from test to test. Walton et al. (2001) concluded that the amount of debris 

removed, depends upon the duration and magnitude of that surge flow generated by the 

early transient underbalance pressur between the wellbore and the reservoir. Also, it is to 

be noted from Figure 3.5 (b) that during perforation, high dynamic underbalance duration 

can cause the movement of the fine particles from the surrounding reservoir body 

(undisturbed formation) towards the perforated tunnel. Since due to the detonation of the 

shaped charges, a low permeability zone around the perforated tunnel is created and as a 

result those fine particles start accumulating within the pore throats of that low 

permeability region. This constitutes flow restriction which can prevent the effective 

surge flow required for optimal perforation cleanup. Therefore an appropriate dynamic 

underbalance should be generated during the perforation for an effective surge flow. The 

optimal dynamic underbalance for these tested Berea sandstone cores, required for an 

effective perforation cleanup was found to be around -2400 Psi. 

 

To study and compare the extent of formation damage between these test cores, core flow 

efficiencies (CFE) were measured. CFE is the ratio of actual flow rate through a 

perfrorated core to the theoretical flow rate calculated from the mathematical models 

considering post-perforation geometry. For static underbalance CFE values were 

approximately around 0.67. While for the Berea sandstone cores which were shot at 1500 

psi static overbalance CFE values varied to a large extent. This is due to the fact that 

perforating overbalance causes small/fine debris particles to be pushed into the pore 

throats of the formation leading to an increase in the formation damage.  

 

R. Bartusiak et al in 1997 confirmed that productivity is maximum within first 3 seconds 

of perforation with no significant increase afterwards. Therefore the dynamic 

underbalance should be maximum during this period. Figure 3.6 confirms that CFE is 

0.75 around 1 second with a minor increase to 0.85 over the next 4-5 seconds. 
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Figure 3.6: CFE vs Time during perforation for a tested Berea Sandstone core          

(Bartusiak et al. 1997) 

 

This shows that effective perforation clean up and optimal productivity depends upon the 

initial transient response of the wellbore pressure during the perforation.  This approach 

of increasing productivity and perforation cleanup with the help of generating an optimal 

transient underbalance is known as dynamic underbalance perforation. 

 

In the following, we will discuss how the magnitude of the dynamic underbalance can be 

generated with various techniques within the first seconds of perforation. Normally 

special canisters (Cuthill, 2009) attached with the gun assembly, are used to achieve 

dynamic underbalance condition at the time of detonation. They are run into the wellbore 

by wireline or tubing conveyed (discussed in chapter 4) at the zone of interest to be 

perforated in the formation. The canisters shown in Figure 3.7 (b) consist of a specific 

volume capacity, at a pressure lower than the wellbore hydrostatic pressure. This pressure 

is created by setting air or inert gas at surface conditions before running down into the 

wellbore. They are actuated by a triggering device in the gun assembly during detonation. 

As a result a large pressure drawdown between the formation and wellbore is created 

allowing the fluid to surge into the canisters. As the guns are fired, an elevated pressure 

P1, as shown in Figure 3.7 (a), is achieved followed by a decline and then again an 

increase upto the initial wellbore pressure. The canisters open when the wellbore pressure 

is around the initial wellbore hydrostatic pressure P0 creating another dynamic 

underbalance event. Therefore the time delay after perforation required to open the 
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canisters depends upon the initial wellbore hydrostatic pressure. It can be set to open the 

canisters when the wellbore pressure approaches to initial hydrostatic pressure. The first 

dynamic underbalance event takes around 0.5 seconds to end while the second event 

created by the use of canisters with high dynamic underbalance amplitude took 2.8 

seconds to finish. With the help of this technique, Cuthill managed to increase the 

duration of the dynamic underbalance achieved during perforation process and also its 

magnitude (Fig. 3.6b). 

 

 

 

 

Figure 3.7: (a) Pressure profile during the perforation   (b) Canister attached 

process with opening of a canister, making         with gun   

  another dynamic underbalance event.         (Cuthill, 2009)  

  (Cuthill, 2009)  

 

Johnson et al, (2004) also gave a method for controlling dynamic underbalance during 

perforation. His method involves using a porous material with a certain volume around 



 

 33 

 

the perforating gun. As detonation takes place, this porous material receives wellbore 

fluids causing a large pressure drop which improves the dynamic underbalance effect. 

However, Johnson’s method enhances the dynamic underbalance for a short time as 

compared to Cuthill’s (2009) approach in which the duration of the dynamic 

underbalance is significantly increased. 

  

In another study by Ratanasirigulchai et al. (2004), dynamic underbalance condition is a 

function of the detonation gas pressure PG as compared to wellbore pressure Pw. The 

detonation gas produced from the detonation of the shaped charges, inside the gun, is 

hotter than the wellbore fluid drawn into the gun. Therefore the rapid incoming wellbore 

fluid from the perforated interval makes a cooling effect on the hot detonation gas. As a 

result the volume of the detonation gas decreases which reduces the pressure to help more 

fluid to be drawn into the gun. Detonation gas pressure can be controlled by adjusting the 

amount of explosive loading inside the shaped charge or by adjusting the volume of the 

chamber. 

 

Application of dynamic underbalance is also used in extreme overbalanced perforation to 

help in cleaning the perforation tunnels and fractures in the formation. The initial static 

overbalance condition is achieved by a fluid column in the tubing run down from a 

packer, till the perforation interval. As the pressure of the fluid column is increased above 

the formation fracture gradient, guns are fired. The pressure is kept constant in pumping 

the fluid into the formation creating fractures followed by a decline in pressure to 

underbalance. This pressure is further lessened by opening the ports in tubing, releasing 

the applied initial pressure. As a result, fluid surges from the formation into the tubing.  

 

The above experimental results helped in deducing different mathematical models for 

transient/dynamic wellbore pressure (Walton, 2001 & Bolchover et al, 2006). These 

models were incorporated into general specific systems or software used to form an 

optimized perforation design which helps in predicting the productivity. With the 

advancement in technology and research, industries are still working today to improve 

underbalance perforation techniques emphasizing on high magnitude and duration of 
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dynamic underbalance during perforation process. This dynamic underbalance approach 

is now being extensively used throughout the world for its prominent results such as high 

productivity, cleanup, and low formation damage. 

 

3.1.3 CASE STUDY APPLYING DYNAMIC UNDERBALANCE TECHNIQUE 

This case study has been taken from SPE/IADC 97363: “Dynamic Underbalance 

Perforating System Increases Productivity & Reduces Cost in Kalimantan Gas Field: A 

Case Study, D. Minto, P. Falxa, D. Manalu, and M. Simatupang, Total E&P Indonesia, 

and L.A. Behrmann, SPE, A. Kusumadjaja, SPE, Schlumberger, presented at the 

SPE/IADC Middle East Drilling Technology Conference & Exhibition held in Dubai, 

U.A.E., 12-14 September 2005.” 

 

The Tunu Field, which is the major gas field of East Kalimantan, is situated in the eastern 

limit of the Mahakam Delta (Figure 3.8). Here operators, Inpex and Total E&P Indonesia 

are working along with other fields such as Bekapai and Handil oil fields, Sisi-Nubi and 

South Mahakam Gas Condensate fields around the region. The Tunu Field is 75 km long 

and 15 km wide, consisting of sandstone formation between a depth of 2,300-4,500 m. 

Production started in 1990, with 1.3 billion cubic feet per day (Bcf/Day) and 23,000 

stock-tank barrels per day (STB/Day) of condensate in 2004.  

 

Figure 3.8: Tunu Field of East Kalimantan in the Eastern Limit of Mahakam Delta 

(Source: D. Minto et al, 2005) 
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Previously new gas wells in the Tunu Field were perforated using a static underbalance 

technique, in which a large static underbalance pressure based on reservoir and wellbore 

characteristics was set before the firing of the gun. This was causing much higher skin, 

formation damage, high cost and time consuming activities like acidization after 

perforation for cleaning purposes. Therefore a new approach, dynamic underbalance 

perforation based on the maximum underbalance pressure during the perforation process, 

was recommended. As discussed in the previous section it is the key factor in governing 

the perforation cleanup, high production rates, and consequently low skin effect. Thus, 

here we will discuss the increase in production and the low skin produced in two Tunu 

wells using the dynamic underbalance approach. Reservoir properties for the two Tunu 

wells, Tunu #1 and Tunu #2, can be found in Table 3.2.  

 

Characteristics Tunu # 1 Tunu # 2 

Well Type Producer Producer 

Casing Size (inch) 4.5 4.5 

Porosity (%) 13.7 13.5 

Permeability (md) 10 26 

Reservoir  Sandstone Sandstone 

Reservoir Pressure (Psia) 5,586 5,234 

Initial Wellbore Pressure (Psia) 5,113 5,061 

Perforation Interval Depth 3,489.0 – 3,492.5 3,454.1 – 3,458.1 

 

Table 3.2: Reservoir Properties for the two Tuno wells 

 

The initial wellbore pressure was found to be 5,113 Psia and 5,061 Psia for Tunu # 1 & 

Tunu # 2 respectively. As a result the wellbores were in static underbalance conditions 

due to low wellbore pressure values than the average reservoir pressure. In order to 

determine optimum perforating performance many perforating systems were evaluated 

depending upon the reservoir and the two wellbore downhole data (Table 3.1). These 

systems consist of parameters like size of the gun, shot density, phasing and type of 
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charges. The evaluation was done with the help of a perforating simulator. Perforation 

depth estimation was based on the field test data, obtained in offsetting wells and 

previous client studies relating to current dynamic underbalance perforating practices.  

 

An optimal perforating system was selected as per API 19B specifications to achieve the 

dynamic underbalance perforation Table 3.3. After selecting the optimal gun perforating 

system the parameters were entered into patented dynamic underbalance software 

(different for different companies) especially designed to give design dynamic 

underbalance pressure, firing pressure and productivity along with cost evaluation of the 

process. Table 3.2 a summary of dynamic underbalance design pressure data. 

 

Parameters Tunu # 1 Tunu # 2 

Reservoir Pressure (Psia)  5,586 5,234 

Detonation Pressure (Psia) 5,113 5,061 

Dynamic Underbalance (Psia) 3,250 3,000 

Guns Diameter (in.) 2-7/8 2-7/8 

Shot Density (spf) 6 6 

Phasing 60 60 

Penetration Depth (in.) 25.3 25.3 

 

Table 3.3: Dynamic Underbalance design pressure data 

 

The gun was then conveyed down in the wellbore through wireline string. During 

detonation the transient underbalance pressure occurring during the first 200 millisecond 

of detonation couldn’t be accurately recorded. It was due to malfunctioning of the 

pressure gauges at that time on the field. Figure 3.9 shows the pressure profile of well 

Tunu#1 during dynamic underbalance perforation. A dynamic underbalance of around 

2900 Psia is achieved which is near to the value given by the software (Table 3.3). 
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Figure 3.9: Dynamic underbalance effect during the perforation process of well Tunu #1 

(Source: D. Minto et al, 2005) 

 

Within 30 minutes of detonation, wellbore fluid with debris was observed on the surface 

equipment. After connecting it to the production line, the production rates for both wells 

were observed and found to be 15 MMscf/D and 25 MMscf/D with wellhead flowing 

pressure (WHFP) of 435 Psi. Post perforation results can be found in table 3.3 

 

 

 

 

 

Table 3.4 – Post Perforation Results for Tunu #1 and Tunu #2 

 

These skins in Table 3.4, obtained by the evaluation of data from pressure build up test 

(PBU) after dynamic underbalance perforation, are compared with the skins from static 

underbalance perforation. According to this case study, skin values for only 4 wells out of 

10 could be evaluated from PBU test. The average skin value of those 4 wells is -0.27 

(Figure 3.10). Whereas the average skin value for the previously drilled 35 wells (2000-

2004) using static underbalance technique was less than 5 (D. Minto, 2005).  

Wells Reservoir 

Pr. (Psi) 

Wellhead 

Flowing Pr. 

(Psi) 

Q (MMscf/D) Skin 

Tunu 1 5,000 435 15 1.1 

Tunu 2 4,598 435 25 0 
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Figure 3.10: Comparison of Skin Values between Static Underbalance & Dynamic 

Underbalance (Source: D. Minto et al, 2005) 

 

The Inflow performance of a well is the function not only of reservoir permeability, fluid 

viscosity, and the well drainage area, but also the formation damage linked with the 

mechanical skin. The inflow productivity of a well is the flow rate divided by the 

pressure drawdown (Mason et. al., 2005). Therefore the Inflow Performance Curve (IPR) 

in Figure 3.11 for well Tunu #2, shows the different production rates with varying skin 

values, illustrating that with skin values from 1-0 the production rates are almost 60% 

greater than those with skin values from 1-5. 

 
Figure 3.11: Impact of Skin Value to the IPR Curve for Well Tunu#2 (Source: D. Minto 

et al, 2005) 
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According to this study regarding cost and expenditure, 10 Tunu wells perforated by the 

dynamic underbalance approach  have resulted in a cost saving of around 40% as 

compared to the previous wells perforated using the static underbalance technique with 

more operational and time cost. This cost was due to the rental of the equipment for fluid 

loading/unloading in tubing in order to develop static underbalance conditions before 

perforation. This activity also requires more time delay and personnel.  

 

3.1.4 DISCUSSION WITH CONCLUSION 

With the help of this new dynamic underbalance technique, an increase in productivity is 

gained when compared to the conventional static underbalance technique, where the least 

formation damage is achieved with lower skin values. Also a decrease in cost is also 

observed with 40% reduction from those obtained from static underbalance approach.  

This technique has overtaken the static underbalance technique in this field and will 

dominate for the upcoming new wells in this field. However, since this field consists of a 

consolidated sandstone reservoir without any sand production, the application of this 

technique for now is limited to consolidated formations, though studies are still being 

carried out for formations prone to sand prodution. 

 

3.2 EXTREME OVERBALANCE  PERFORATION (EOB) 

 

3.2.1 NEED FOR EOB 

Extreme Overbalanced (EOB) perforation is defined as applying a high wellbore pressure 

above the reservoir pressure during the perforating process or to existing perforations 

which is also known as EOB surging. This high overbalance which is significantly 

greater than the formation fracture point (FFP) initiates one or more small fractures 

around the perforated tunnel. These fractures intersect with a network of fractures and 

thus allowing more formation fluid into the tunnels. Around 1980, operators Oryx Energy 

and Arco started studying overbalance method when unsuccessful results were observed 

from underbalance method in West Texas Field. They highlighted a number of factors 

such as, for depleted reservoirs the applied pressure differential between the wellbore and 
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reservoir may not be enough to clean the perforations efficiently. Also high underbalance 

pressure in low strength and soft formations may lead to sand production or collapse of 

the wellbore. Also, a large variation in permeability profile through the formation is 

usually linked with the perforation damage (Hsai T-Y & Behrmann, 1991); a thin layer of 

1-darcy in between two thick layers of 10-md will reduce the effectiveness of applied 

underbalance. 

 

3.2.2 BASIC PRINCIPLE  

All of the above problems are overcome by applying an extreme overbalance approach. 

Basically the energy to produce such a high pressure is obtained by pressurizing a certain 

area of tubing with compressible gas and some liquid below it prior to firing and then 

releasing it during the detonation. The gas is usually nitrogen (non-reactive), while 

various liquids are considered, depending upon the well conditions, like brine, liquid with 

proppant (sized particles mixed with water and non aqueous fluid to hold fractures open), 

fracturing gel or acid. During detonation the liquid is pushed into the perforations and 

squeezed into the formation leading to initiate fractures around the tunnel. The 

pressurization is stopped as soon as the nitrogen gas reaches the perforations, since the 

gas will leach into the formation; however, at high pressures the gas may also act as an 

abrasive that will help to scrub through the fractures. By modeling, based on the results 

from field studies on Prudho Bay, 1996, ARCO managed to estimate the optimum 

pressure gradient to be at least 1.4 psi/ft (31.6 KPa/m) of the well depth.  The maximum 

fracture radius generated from this gradient was of order 30 ft (9 m). 
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Figure 3.12: Extreme Overbalance Perforation – Typical Procedure (Source: Dees, 

1996) 

 

Sometimes additional fluid is pumped right after the EOB in order to open the fractures 

farther, increasing their length and fluid conductivity. Optimal injection rates which 

depends upon the formation fracture point are usually used up to 15,000 ft
3
/ min (420 m

3
/ 

min). This pumping of the fluid in wells with existing perforations is proved to be giving 

low skin values (Dees JM & Handren PJ, 1996). One of the main features of EOB is that 

the charge debris in the perforation tunnel has no time to become hardened and is blown / 

pulverized into the fractures around the perforations, reducing the perforation damage 

and flow impairment.  
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3.2.3 EXTREME OVERBALANCE SURGING (EOB SURGING)  

The process of applying a high overbalance pressure into existing perforations is known 

as EOB Surging. The objective is to clear the debris material from the perforation and to 

maintain the pressure above the formation yield strength. A rupture disk or shearable ball 

seat placed at the bottom of the tube (Fig. 3.13) is used for previously existed 

perforations. With the disk in place, designed to rupture at a pre-determined pressure, the 

nitrogen pressure is increased until the disk is ruptured leading the pressurized fluid into 

the perforation and then to the formation.  

 

 

Figure 3.13:  EOB Surging Arrangement (Source: Dees, 1996) 
 

Fractures generated from EOB surging are usually preferred to be aligned with the 

direction of maximum horizontal stress. This way fractures will open in the plane of the 

least resistance. This direction which is also known as Preferred Fracture Plane (PFP), is 

difficult to predict for every formation depending upon the stress distribution through the 

formation. If the fracture is not aligned with the preferred fracture plane, it usually turns 

towards the PFP (Larry, 1996). Since in EOB surging, multiple fractures are produced 

near the perforations region and along the PFP, it also maintains large angles between 
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perforation and PFP. According to Behrmann (1999) angles within 45° cause fractures to 

initiate from the perforation and end up turning along the PFP as shown in Fig. 3.14. 

 

 

 
Figure 3.14: EOB Fracturing with 120° phasing making 30° angle with PFP. (Coutesy : 

Behrmann, 1999) 

 

 

Fracture length and width are usually the function of the injection pressure differential 

between the wellbore and formation, which should be higher than the formation strength 

(Behrmann et al. 1999). The length of the fractures, which are misaligned by a large 

amount, are normally small; however, they can be extended depending upon the reservoir 

stress field and pressure of the gas in the tubing.  

 

The cost for EOB normally depends upon the availability of nitrogen gas and the use of 

the proper gun (TCP). The unavailability of nitrogen gas can cost more than twice the 

conventional completion. However, with the ongoing analysis of data obtained from the 

field studies (discussed in the following section), much attention is being given to the role 

of EOB. 

 

3.2.4 SOME FIELD STUDIES 

In order to support the EOB approach, some field results (McDonald et al, 1999) are 

discussed below with improvementsin productions. The application of EOB is considered 

because of unsuccessful results from conventional completion techniques. 

 

 After applying EOB to well A of Conoco, a 50% increase in the production rate 

was observed. With this carbonate formation, 15% of the acid was used with 
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fracturing fluid to minimize the fluid frictional losses and enlarge the pathway 

from the tubing through the valve into the formation. By using Explosively 

Initiated Production Valve (SXPV), the fluid in the tubing is pressurized until the 

detonation of the guns takes place. This is followed by the opening of the valve 

allowing the compressed fluid into the perforation tunnel along with the acid. 

Since this was a high permeability carbonate formation, applying high energy into 

the formation caused increase in fracture length and eventually in production 

(Table 3.5). 

 

 In well E of Petrobras, the wells have already perforations and are using the EOB 

surge technique. EOB surging was needed for this well because previous 

completion and workover activities had caused high flow impairment and 

cementation damage making undesirable communication between the well and 

the formation. After EOB surging the desired injection rate was increased 

drastically, as shown in the table. Similar results were achieved in the other wells 

in the same region. 

  

Client Location Well 

Name 

Completion 

Type 

Producer/Inj

ector 

Permeability 

(md) 

Psi/

ft 

Phasing Shot 

Density 

Prejob 

Production 

Postjob 

Production 

Conoco North 

Dakota, 

US 

Well A New Well Producer 10 – 1,000 1.3 60 4 spf 2,000 

BOPD 

3,000 

BOPD 

Petrobras Brazil Well E Recompletion Injector 20 1.4 - - 180 BWPD 1,800 

BWPD 

 

 

Table 3.5: Field Studies involving EOB (Bryan McDonald et al, 1999) 
 

 

 

Therefore, for high permeability reservoirs like carbonates, EOB can be useful to 

generate multiple fractures, pushing the present wellbore damage or debris into the 

reservoir. This can be improved by using guns with various combination of high shot 

density and phasing. Different proppants and types of acids are also used to increase the 

conductivity and width of the fractures. For the natural generation of the fractures, EOB 
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can prove to be a useful technique to increase the length of the fractures, depending upon 

the position of the PFP, and eventually increase the productivity. 

 

 

Perforating underbalance or extreme overbalance are two different techniques. In 

underbalance the main objective is to obtain a clean pathway for fluid from the formation 

and then afterwards remedial treatment can be performed if needed, while in EOB these 

two things are done simultaneously .i.e. create and stimulate the channel at the same time 

generating different multiple fractures. With the growing application of this technique 

and having improved results, this technique has gained a significant position as compared 

to the commonly used underbalance technique.  However, due to the lack of variables; 

the number and width of the fractures, the distance at which the fracture starts turning 

towards PFP, position of PFP, optimum gun system to achieve the desired pressure, etc., 

it is difficult to ensure that EOB perforating is better than the conventional completion 

techniques. Work is still going on with this technique and it is hoped that in coming 

years, with the improvements in technology, EOB will become a commonly used 

completion technique. 
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CHAPTER 4 CONVEYANCE METHOD AND TYPES OF GUN 

SYSTEMS 

There are many types of perforating guns used in today’s oil and gas industry. By the 

enhancement and advancement in technology, various types of perforating guns have 

been introduced to be used in different wellbore conditions. However, the primary 

function of the perforating guns is the same since its advent in the oil and gas industry; 

i.e., to create perforation tunnels with minimum debris and formation damage, to improve 

the productivity of the well. This chapter describes the various types of perforating gun 

systems and their conveyance methods with its effect on productivity. 

 

4.1 TUBING CONVEYED PERFORATION (TCP) 

In early 1980’s this conveyance method of running guns with the tubing was introduced 

for low permeability gas reservoirs, and by the impressive results it began to be used 

extensively. This method is mostly used for large diameter guns, high underbalance 

perforation, and high deviated horizontal applications. Because of its flexibility and cost 

effective working technique, saving rig time by perforating long intervals in one single 

trip and application of various combinations of gun diameter, length, and shot density, 

this method is becoming common throughout the world. 

 
Figure 4.1: TCP Gun String Positioned Downhole (Michael K. Robson, SPE-19109, 

1990) 
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Working Technique: Large diameter casing guns are run down on tubing, below a 

packer as shown in Figure 4.1. The assembly is run down and positioned at the required 

depth, which is obtained by correlating the wireline collar locator and gamma/neutron 

tool logs with the assembly’s radioactive reference depth. For an underbalance situation, 

the tubing is partially filled with a light fluid (nitrogen with other fluids) to obtain the 

desired underbalance condition, followed by the setting of the packer. Durign detonation 

a vent valve below the packer is opened so that the tubing fluid is allowed to flow with 

the reservoir fluid upto the surface.  The gun detonation is achieved by the execution of a 

top-mounted percussion-type firing device in which a bar is dropped through the tubing 

to fire the guns. This activity is monitored by the noise or shock transducers attached to 

the tubing on the surface. Later the gun may be released into the excess space, known as 

rathole, below the interval in the wellbore to permit future operations. Usually guns with 

large diameters are used since large diameter guns give high penetration lengths with the 

additional feature of multi-phasing (Figure 4.5). Because of the vent valve the desired 

underbalance is achieved safely, without blowing up the guns. They are considered safe 

for high pressure operations with H2S and deviated wells as well. 

 

For TCP no proper method is developed to check gun misfire resulting in low 

productivity. The only way to check it is to withdraw the gun string and then run it out. 

This leads to increasing in rig time and consequently the cost. Contribution to cost is also 

made by the drilling of the rathole (an extra length section drilled below the target 

interval) for securing the gun below the payzone.  

 

4.1.1 ADVANTAGES OF TCP  

 It allows saves rig time by perforating widely spaced number of interval in one 

single trip rather than making multiple trips by wireline. 

 With the help of DST tools just above the guns, the well is tested just after 

perforating by temporary flowing it into a valve to evaluate reservoir 

characteristics and identify extent of wellbore damage (Michael, 1990). 

 Ease of achieving controlled underbalance conditions during perforating which 

helps in cleaning the perforation. 
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 Long time intervals around wellbore surroundings are possible as compared to 

wireline. It can stay longer than wireline through tubing, usually 12-48 hours 

(Bell, 1984). 

 

4.1.2 FIRING SYSTEMS 

This equipment is located at the top of the gun string, permitting the guns to remain 

assembled while running down to the desired interval and to start the detonation of the 

guns. The guns are usually fired electrically or through tubing/annulus pressure or a drop 

bar. According to Michael (1990), pressurized firing is much safer because it incorporates 

the feature of time delay in order to overcome the minimum hydrostatic pressure 

(depending upon the depth) and establishes the desired underbalance condition in the 

wellbore prior to gun detonation. The electrically fired firing heads consist of a female 

connector conveyed within them that is mated with a male connector in the gun 

assembly, which helps in getting the real time data about the formation and production 

parameters right after the detonation. Different manufacturers have different firing heads 

depending upon reservoir parameters and completion types. Some of them are listed 

below with their explanation in appendix A. 

  

 Ball Activated Firing Head (BCF) 

 Direct Firing Head (DFH) 

 BHF Drop-Bar Hydrostatic firing Head 

 Extreme Overbalance Firing Head 

 eFire TCP Firing System 

 

4.1.3 TCP ACCESSORIES 

In order to enhance the operations of TCP, various accessories are used. They are used to 

allow operations like testing, maintenance work and controlled underbalanced condition. 

These accessories also help in controlling the surge conditions after detonation. Some of 

them are listed below with their explanation in appendix A. 

 

 SXPV Automatic Production Valve  

 Drop Bar Triggered Surge Valve (DTRV) 



 

 49 

 

 Fluid & Debris Isolation Sub (FIS) 

 Explosively Initiated Vertical Shock Absorber (SXVA) 

 Gun Swivel  

 Pressur Operated Underbalance Valve (POUV) 

 

 

4.2 WIRELINE THROUGH TUBING PERFORATION  

This method uses small diameter guns run through the production tubing down the casing 

to perforate the required interval as shown in Figure 4.2, while avoiding the need to pull 

the tubing out for wells with existing perforations. It is also held magnetically against the 

wall of the casing to support the small diameter gun, which may misfire due to the impact 

caused during the detonation.  

   
Figure 4.2:   Wireline Through Tubing Arrangement 

 

Without the magnetic option the gun assembly is positioned in the centre with a 

minimum hydrostatic pressure applied for support and also to prevent swelling during 

firing; for liquid it is 0-500 Psi (3.5 MPa) and for gas it is 500-4500 Psi (3.5–31. MPa). It 

is preferred for short intervals in one run, as in long intervals pressure differential is 

difficult to maintain during more than one gun run, especially in wells with lower 

reservoir pressure. However, it can be used for long intervals with the condition of 

perforating first zones with low permeability and then the zones with high permeability; 

if not, the pressure coming from the high permeability zone will disturb the low 

permeability zone, affecting its cleanup and increasing formation damage. 
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Exposed guns (Section 4.4.2) are usually used with a through tubing technique. However, 

the selection of the gun is based upon the gun phasing, formation characteristics, 

wellhead pressure, casing condition and degree of wellbore damage expected. In through 

tubing, selection of the gun is linked with the perforation depth and phasing of the guns. 

According to Bell (1984) guns phased at 0° magnetically positioned against the casing 

internal diameter (ID) gives much higher penetration length than the gun phased 90° at 

the same position (Fig. 4.3). The reason is due to the high clearance/distance between the 

perforations and the distance of the gun from the casing ID, giving short perforation 

lengths and production performance, as compared to the perforations generated with 0° 

phasing. 

 

 
Figure 4.3:  Difference between Perforation lengths with 0 and 90 Phasing via 

Through Tubing (Bell, 1984) 

 

Small tube size also leads to the use of small size charges, which affects the productivity. 

Since no tubing is run out, especially during any remedial or maintenance operation, 

which saves the cost for well killing, it is the most economical technique to be used. 

Through tubing is preferred for underbalance perforation as compared to overbalance 

perforating due to higher production results (Bell, 1984). However, due to the use of 

exposed guns, which are exposed to the wellbore environment, a high degree of debris 

and casing damage is expected. Similarly, with unconsolidated formations the application 

of 0° phasing with high shot density may cause wellbore collapse or sticking of the gun. 
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4.3 WIRELINE THROUGH CASING PERFORATING 

 

 
Figure 4.4: Through Casing Perforating Arrangement (Cosad, 1992) 

 

In this technique large diameter guns are run through casing. Reservoirs with low 

pressure usually require deep penetrations, which cannot be achieved with through tubing 

small diameter guns. Therefore, large diameter multiphased guns are run directly through 

casing giving high penetration lengths.  Figure 4.5 also shows the range of penetration 

lengths for casing conveyed perforation, which are significantly higher than tubing 

conveyed perforation. For this approach exposed guns are usually preferred, with 

diameter from 3.75 – 4 in. 
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Figure 4.5: Exposed Gun Performance Parameters with respect to different 

Conveyance Methods (Bell, 1984) 

 

As the pressure conditions for underbalance or overbalance are obtained, the guns are 

fired and recovered back as the reservoir fluid flow into the casing. The pressure is 

maintained with the surface equipment while the tubing with the packer is run down.  

 

4.4 TYPES OF GUNS 

There are two main categories for the guns used for perforation: Hollow Carrier and 

Exposed Guns. Depending upon the reservoir conditions and production requirements, 

these guns can be used in both tubing conveyed perforation, as well as in wireline 

perforation, which consist of through tubing and through casing operations. 

  

4.4.1 HOLLOW CARRIER GUNS 

These guns have shaped charges positioned in pressure tight steel tubes, as shown in 

Figure 4.6. This tube/carrier contains most of the debris from the charge after detonation. 
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They are usually available for almost all tubing and casing sizes, from small sizes able to 

pass through tubing to larger sizes when run through casing by work strings or tubing. 

They can be retained up to the surface or dropped down into the wellbore once the gun 

fires 

 
Figure 4.6:   Hollow Carrier Gun (Bellarby, 2009) 

 

George, 2009 stated that the energy generated during firing causes an expansion in the 

gun. This expansion also known as swelling is the function of parameters like gun wall 

thickness, shot density, gun phasing, charge size, and wellbore pressure. It ranges from 

10% diameter growth in small diameter guns, while 1% diameter growth occurs in large 

guns at high pressure (Fig 4.7).  

 
Figure 4.7: Swelling of the Gun in a low Pressure Test (King, 2007) 

  

Hollow carrier guns are further divided into four categories: 



 

 54 

 

 

 SCALLOP GUNS: The name is because the carrier contains a thin-walled, dished-

out area (Fig. 4.8) through which guns are fired, and the debris is collected in the 

carrier. They are usually conveyed through wireline through tubing and where 

minimum debris is obtained (Cosad, 1992). 

 
 

Figure 4.8: Loading Scallop Guns into the Carrier (Courtesy, Thomas, 2009) 

 

 PORT PLUG GUNS: These are the guns which shoot the charges through 

replaceable plugs in a reusable carrier. It has also the feature of perforating two 

intervals at a time with the help of a selective intermediate adaptor, which is remotely 

operated (Figure 4.9). They are usually wireline conveyed and are used for deep 

penetrations with 4spf shot density (Charlie Cosad, 1992). 
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 Figure 4.9:  3.5-in Port Plug Gun (Courtesy, Schlumberger) 

 

 HIGH SHOT DENSITY (HSD) GUNS: This gun is usually used in sand control 

completions using high shot density with charges generating large perforation 

diameters. They can be run down by any means, i.e., wireline or tubing, but usually 

TCP is considered, allowing long interval perforation in one run. 

 

 HIGH EFFICIENCY GUN SYSTEM (HEGS): This system, usually conveyed 

through wireline, is similar to port plug guns, with the only difference of having 

longer length carriers which are faster to load and run. Different standards have been 

set by various manufacturers, but normally guns which have more than 4 spf fall in 

this category. With the increase in shot density, other parameters are also affected, 

like phasing and distribution of perforations.  They are available with diameters of 

31/8- in. and 4-in. 
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4.4.2 EXPOSED GUNS 

These guns have charges encapsulated individually and are run down via strip/wireline in 

the tubing. During the running, the gun assembly is exposed to wellbore environment, 

and after firing all the debris is left into the wellbore. They are usually preferred with 

through tubing technique and are divided into two types: 

 

 EXPENDABLE: In these guns the charges are linked together with a common 

detonating cord and without any carrier; large charges can be used for a given tubing 

or casing. Therefore, maximum intensity of the explosion can be utilized giving high 

penetration lengths, around 1.1-1.4 times deeper than retrievable guns (Bell, 1984). 

Since they are without any carrier, these guns give much higher performance in small 

diameters than hollow carrier guns. Upon firing all the charge, debris, including the 

gun assembly, is left in the wellbore. This may cause plugging of the tubing leading 

to a maintenance job. Furthermore, due to high exposure the explosive can cause 

casing deformation. 

 

 RETRIEVABLE: These steel guns are almost the same as expandable guns, except 

that after detonation the mounting is recovered. They are debris free, more rugged, 

reliable, and have high pressure-temperature ratings because the charges are exposed 

to the wellbore environment.  

 

 
Figure 4.10:  Types of Exposed Guns (Bell, 1984) 
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4.4.3 SPECIAL CASES  

Due to the disadvantage of through tubing, i.e., improving phasing other than 0° will give 

less penetration (because of high clearance between the casing and the charges and also 

small size of the charges) or only 0° phasing with high penetration, two special gun 

systems for through tubing have been designed: 

  

 PHASED ENERJET GUN: This gun has two rows of charges aligned at 90°. In 

this, the gun strip with the charge caps is retrieved after detonation, which helps in the 

successful shot verification. The deployment head has a flexible joint for easy rig up 

operations. It has a high pressure rating and generates less debris in the wellbore. 

 
Figure 4.11:  90° Enerjet Gun System (Courtesy, Schlumberger) 

 

 PIVOT GUN SYSTEM: A deployment head, in which charges aligned along the 

axis of the gun with 180° phasing, is run wireline through tubing of diameter as small 

as 1.78 in (Charlie Cosad, 1992), until it reaches the desired interval. Once there, the 

charges rotate to 90° from the gun’s axis making a diameter of around 3.79 in (Fig. 

4.12). It has a special sensor feature of preventing the charges from being fired before 

rotating exactly outward at 90°. After firing the charge assembly breaks up from the 

deployment head settling down at the bottom of the well, and later the head can be 
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retrieved. According to the results, charges from this gun system have given 

penetration of about 33 in. 

 
Figure 4.12: Running and Deployment of a Pivot Gun (Cosad, 1992 ) 

 

 

4.5 EMERGING COMPLETION TECHNIQUES 

With the current enhancement in technology and research efforts, many new completion 

techniques are being studied in order to improve production and minimize cost. “The 

main idea is to install less and produce more” (Halliburton). Installing less equipment 

between the wellbore and the surface helps in reducing the technical constraints of the 

completion and producing more. 

 

In one of the new techniques, known as Monobore, production is through a uniform 

diameter from the reservoir right up to the surface. Casing is set up to a certain depth, 

approximately half of it, and then a small diameter hole is drilled just below up to the 

target and a liner is set. Tubing conveyed guns of the same diameter as of the liner are 

run down to the starting point of the liner and sealed off with a permanent packer.  After 

achieving desired underbalance, a wireline assembly is run down latched with the guns, 

which are lowered to the desired position. After setting the guns, the wireline is retrieved 

and the guns are triggered by pressure actuation. They can be dropped down 

automatically or mechanically through wireline. This approach has been applied in the 
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areas of Venezuela and North Sea and has been successful with application of guns with 

large diameter. Also it helps in cost reduction since the liner is being used as casing for 

wellbore formation support and tubing for production. 

 
 

Figure 4.13:  Monobore Perforation Technique: (Cosad, 1992 ) 

Modern perforation solutions do help in delivering higher productivity and injectivity 

across many types of completions, in new or existing oil and gas wells, during every 

stage in the life of well or field, and from initial development to plateau production. 

Ultimately this will mean decreased costs, additional revenue, and increased profit for 

operating companies (MET, 2006). 
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CHAPTER 5 GUIDELINES IN SELECTING PERFORATING 

STRATEGY 

 

Perforation plays an important role in achieving maximum/optimal productivity. 

Therefore, it is very important to select the best perforation strategy suited to the 

reservoir and the completion. Many factors, such as reservoir parameters, wellbore 

conditions, gun arrangement, and its systems, are considered for this job. Also this 

selection not only affects the well productivity, but also the economics for the proposed 

perforating job. The following are some of the important factors which are considered for 

successful perforation operation. 

 

5.1 DEPTH OF PENETRATION 

One of the factors considered for selecting a gun is the length of the perforation tunnel, 

whether it reaches beyond the damaged zone and connects with the existing fractures. 

This also depends upon the type of charges in the gun and the formation compressive 

strength. 

 

 

Figure 5.1: Effect of formation Compressive Strength on perforation lengths (Courtesy, 

King, 2006) 

 

Figure 5.1 shows different perforation lengths for different formation strengths. The 

deeper the perforation length, the greater will be the wellbore effective radius.  
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Penetration length not only depends upon the formation strength, but also on the charge 

type and stresses due to overburden pressure and pore pressure. The effects of these 

factors on perforation length and consequently on the productivity are comprehensively 

explained in Chapter 2, Section 2.6.  

 

Different companies today are using various computer programs for penetration length 

and productivity prediction during real time conditions. These programs are based on 

various parameters such as wellbore conditions, gun size, charge type, rock material 

strength, extent of damage around the perforted tunnel, reservoir characteristics etc. One 

of them is SPAN (Schlumberger Perforating Analyzer Program) which has been used by 

Schlumberger for the past ten years.  This program consists of a penetrating module and a 

productivity calculation module (Schlumberger, 1997). The penetration module 

calculates the perforqtion length using the 1-dimensional hydrodynamic theory (Allison 

and Vitali’s, 1963), supported by experimental data. This theory is based on the 

assumption that the jet and rock behave as a fluids if the penetration pressure exceeds the 

rock strength. Penetration depth is dependent on the the jet – to – target density ratio and 

its length. The density ratio can be controlled by changing the liner material. 

 

5.2 SHOT DENSITY 

The number of shots made per unit length is a critical parameter for gun selection leading 

to a number of perforation tunnels in the formation. It depends upon the degree of 

permeability anisotropy for the reservoir, such as in the case of sandstone, where 

horizontal permeability is higher than vertical permeability and increasing the number of 

perforation holes will intersect more productive intervals in the reservoir.  However, due 

to the high variation of permeability and porosity, such as in shale formations, increase in 

shot density may cause perforation tunnel collapse or high formation damage around the 

tunnel. In Figure 5.2, perforation lengths at various shot densities are shown against the 

productivity ratio. Productivity ratio is the measure of the flow rate through a perforated 

hole as compared to the ideal flow rate through the perforated hole of the same length and 

diameter. It can be seen that by increasing shot density productivity ratio also increases. 

Selection of optimum shot densities are carried out through numerous simulations based 
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on detailed log permeability data and also past experience in case of formations with very 

low porosity or permeability. Due to these formations the number of successful 

productive perforations is usually 50% of the total holes in the gun carrier. Maximum 

shot capacity is possible with 16-27 spf (52-88 shots per meter) (King, 2007).   

 
Fig 5.2:  Effect of Shot Density on Productivity Ratio (Locke, 1980) 

 

5.3 PHASING 

The best way for the fluid to flow into the wellbore is usually controlled by the effective 

angle between the shaped charges which is termed as Phasing. Factors like pipe and 

formation strength, presence of natural fractures, and gun type are taken into account for 

choosing different phasing angles, such as 0°, 60°, 90° or 120°.  

 

Figure 5.2(a): Common gun phasings used for perforation operations (King, 2007) 
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 0° gun phasing is usually used with guns having small outer diameter or large 

casing diameters, in which all the shots are aligned in a single row. It is better to 

align the gun to one side closest to the casing wall so that the energy of the 

charges can be utilized efficiently in generating high penetration depths; however, 

an increase in formation damage may occur. 0° phasing is not preferred with shot 

densities higher than 6spf (King, 2007) in a single row as it may affect the casing 

yield strength leading it to split or collapse. 

 

 On the other hand, phasing 60°, 90°, or 120° are more widely used because of 

their efficient results of flow properties. They are preferred because they have the 

ability to perforate at different angles, utilizing the surrounding reservoir body.  

They are usually used with guns having high outer diameter, due to which 

centralization of the gun is not required.  

 

Productivity is also affected by phasing.  During one of the studies by Locke (1980) in 

improving the productivity of wells, he discovered that, with the assumption of fixed 

perforation lengths and no formation damage, of all the phasing, 90° has the highest 

productivity ratio (Fig. 5.3). However, in actual conditions the value is approximated and 

still 90° has high productivity values than other phasings. 

 
Figure 5.3: Effect of Phasing on Productivity Ratio (Locke, 1980) 
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5.4 PERFORATION DIAMETER 

Perforation diameter usually depends upon the type of shaped charge used by the gun. A 

deep penetrating charge is usually used for high penetration lengths, while a big-hole 

charge is used for large perforation diameter. High perforation diameter is usually 

required in stimulated completion or in application of gravel packing. These are the post 

perforation treatments which are done to minimize any left debris or damage in the 

tunnel, so that no flow impairment will be encountered during the injection or the 

production of the fluids. Perforation diameter has a very marginal effect on the 

productivity ratio in high turbulent flow wells; according to the study by Locke (1981), 

increasing the perforation diameter above 0.25 in., gives a minute increase in the 

productivity ratio. He also managed, by using Fanning Equation, to estimate the optimum 

perforation diameter by knowing the expected flow rate (Fig. 5.4). 

 

 
Figure 5.4: Estimation of Perforation Diameter from Flow rate (Lock, 1981) 

 

In SPAN the prediction of perforation hole diameter is based on the relationship between 

the entrance hole diameter through casing of grade J55 and the clearance between gun 
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and casing. Perforation hole diameter through casing of grade J55 is experimentally 

calculated with an average yield of 65,000 psi. Therefore following formula is used for 

other casing grades used in the perforation process. 

 

  
     

     
   

            

            
 
   

          (5.1) 

 

Where:  

 

EH = Entrance hole  

                                

                         

 

Where “casign yield” is for the new casing and “65 kpsi” is the yield strength of J55. 

 

5.5 SPECIAL CASES 

 Shot density and gun phasing are sometimes interdependent under special cases. 

Normally for high permeability formations, high shot density and 60° phasing are 

considered, but it is not preferred for low strength formations. Therefore a 

decision has to be taken between high flow efficiency and formation stability. 

Thus in unconsolidated formations, shooting with low shot density and high 

phasing will avoid sand production/wellbore collapse with few radially distributed 

perforations. This way the distance between the adjacent perforation will be high 

and overlapping of the damage zones for perforations tunnels can be avoided. 

 

 Similarly, perforation length and shot density are interdependent. With formations 

having natural fractures, high penetration lengths are preferred over shot densities. 

Therefore deep penetrating charges are used to achieve high penetrations leading 

to maximum intersection with the fracture network. Since fractures are formed in 

a certain plane and increasing shot density may reduces chances of not linking 

with the main fracture network (Cosad, 2006).  
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5.6 EFFECT OF TEMPERATURE 

High bottomhole temperatures affect not only the charge but the whole assembly, 

consisting of mechanical components, casing, and detonator with detonating cord and 

charges. The higher the wellbore temperature the shorter time there will be for charge 

stability and its performance. This results in low order firing or burning of the charge, 

and therefore large gun charge cases or even bursting of gun carriers are encountered 

(Fig. 5.5). 

 

 
Figure 5.5: Burst Gun and Charge Cases Found after Low Order Firing (Courtesy, 

King, BP, 2007) 

The performance of the charges depends upon charge type using a variety of explosive, 

though with the increased application of high temperature charges the cost also increases. 

In normal field applications, wireline gun conveyances are stable for about 16-24 hours, 

while tubing gun conveyance works for about 100 hours; however, ranges may vary 

depending upon the manufacturer. Figure 5.6 shows stability curves for different charge 

explosives at varying wellbore temperatures. The higher the temperature the less time 

duration will be available for the gun. 
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Figure 5.6:  Charge Temperature Stability Estimates (Courtesy, King, 2007) 

 

 

5.7 DIFFERENTIAL PRESSURE SELECTION 

The selection between overbalance and underbalance pressure is one of the key 

considerations for effective perforation design. Because of the successful results of 

underbalance perforation with less perforation damage, high perforation lengths and 

improved productivity, it is widely known and accepted during completion activities. It is 

usually used with reservoirs having sufficiently high pressure. The prediction of optimal 

underbalance is done by either the laboratory sample tests or with the field studies related 

to underbalance perforating practices. Computer software applications, like IMPACT, are 

also being used to estimate the value of an optimal underbalance by entering the 

formation properties and various gun configurations as per API 19B. Overbalance 

perforations are usually considered for fracturing and perforation debris cleaning 

purposes, with formations having high permeability and fractures. Special fluids are 

pressurized into the perforation tunnel during perforation process, squeezing the debris 

into the formation and opening multiple fractures around the perforated length. More 

details with field results related to these two perforating techniques can be found in 

chapter 3. 

 

5.8 WELL TESTING 

Well testing is usually done after having desired perforations in order to check various 

parameters like the maximum flow rate potential, bottomhole pressure, porosity etc. 
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Usually underbalance perforating has been set as a standard for well testing. Drill Stem 

Test (DST) is used with an assembly usually consisting of a retrievable downhole shut-

off valve in the workstring with sensors like MSRT (Multi Sensor Recorder/Transmitter, 

Schlumberger) attached with LINC (Latch Inductive Coupling) equipment just above the 

perforating guns. After detonation of the guns, the well shuts in for a specified period of 

time and fluid is allowed to flow through this assembly, recording all the data, which is 

later analyzed for reservoir properties, such as permeability, downhole pressure, and 

reservoir boundaries. This test method is efficient because it saves time, and the data 

being recorded can be monitored in real time. It helps in analyzing the reservoir potential 

by observing different types of fluid recovered and their flow rates (Michael, 1990). 

 

5.9 HIGHLY DEVIATED WELLS 

In perforating highly deviated (more than 60°) or horizontal wells, certain factors are 

considered, including positioning of the guns, cost of the perforating process depending 

upon the length interval, the oil water contact and encroachment of water due to high 

drawdown pressure. The cost increases with the interval length, which will also affect 

other factors like shot density, high performance charges, etc. This could therefore be 

avoided by locating the best zones in the interval with high porosity, oil saturation, and 

pressure, which can be done by using logging tools and then perforating the desired zone. 

 

Usually in horizontal wells it is preferred to focus on a certain perforation area, rather 

than perforating the whole interval, which may cause wellbore breakdown or collapse; 

however, this decision is still under observation according to many past field results. This 

localization of a certain area is extremely helpful in initiating a fracture leading to a 

network of multiple fractures. According to some deviated wells field performance 

(King, 2007), perforating at 8-16 spf in a 2-5 ft. interval is enough to initiate a fracture.    

 

The decision to select a perfect perforating strategy involves choosing the above factors 

correctly and efficiently according to the requirements and formation conditions. 

Different strategies for the optimal and clean perforation have been put forward by 
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various oil and gas companies. One of them, as shown on the next page, has been used by 

company Schlumberger for last ten years. 

 
Figure 5.7: Perforation Technique Selection Strategy by Schlumberger (Cosad, 1992) 
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CHAPTER 6 CONCLUSION 

 

 With the empirical/theoretical equations discussed in Chapter 3, not only can the 

optimum underbalance pressure be calculated at almost no damage, but it also helps 

in predicting the skin from perforation damage if optimum underbalance pressure is 

not possible. 

 

 Emerging perforating techniques and methods like dynamic underbalance perforation 

made it clear that effective perforation cleanup and improved productivity depends 

not only on the intial applied pressure conditions but also on the early transient 

underbalance produced during perforation. This dynamic underbalance can be 

controlled and prolonged by using special methods like canisters with specific 

volume (can be adjusted) attached with the gun, by controlling the detonation gas 

pressure and by adjusting the internal volume of the gun. However, this technique has 

been only discussed for consolidated formations, and not for formation prone to sand 

production with low reservoir pressure. For that extreme overbalanced perforation 

was considered and proved to be quite successful. 

 

 Extreme overbalance is also a useful choice for perforation, and, according to the 

field examples discussed, it has played a critical role in the increment of production 

when underbalance was not possible. However, it has some limitations, like the 

length of the fracture before turning towards the preferred fracture plain, the number 

and their conductivity, how long can they remain open, etc. These are the questions 

which are still under investigation.  

 

 Significant increases can be seen in productivity by utilizing the test data and field 

experience for the effective shot density and perforation length. Production is a 

function of shot density, but it has a limit depending upon the casing rating and can 

be unsuccessful for intervals having anisotropic permeability. Shot density is 

preferred over perforation diameter due to the fact that increasing diameter gives very 
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minute increase in the productivity. Perforation length can be predicted nowadays by 

using special computer programs based on the lab tests reducing time and cost. 

 

 During the selection of the perforation strategy, phasing is one of a key element for 

the optimal flow rate production, which is selected depending upon the conveyance, 

formation characteristics, and diameter of the casing & tubing. 90 degree phasing 

usually has the highest effect in the increase. 

 

 Charge type also has a special role in successful perforation. By the selection of the 

efficient explosion, conveyance method, and with the advancement in the completion 

technology, the goal to have the optimal productivity can be achieved; however, the 

cost factor has to be considered. 

 

 From the review it can be concluded that tubing conveyed perforation is much better 

than the wireline because of its ease to perforate a long interval simultaneously in a 

single trip without making multiple runs on a wireline, and at the same time with the 

use of drill Stem testing, testing can be done on the spot for a long period of time 

 

In order to achieve the objective of perfect perforation, one has to analyze and evaluate 

the available reservoir data and design the job. Normally the common mistake 

encountered is to bypass the above process and repeat the same thing that was considered 

in the last job. This approach often works, but sometime it also leads to some significant 

failures. By taking both the field data and operating experience under consideration, the 

operator will be able to apply what was successful in the last job and prevent errors. 
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APPENDIX A  TYPES OF GUN FIRING HEAD AND 

ACCESSORIES 

 

 

 FIRING HEADS 

 

 BALL ACTIVATED FIRING HEAD (BCF): The detonation is triggered by 

circulating the ball to the ball seat sealing the circulation, which creates a 

differential pressure across the operating piston. With the action of this piston, the 

firing pin is executed as shown in Figure A.1.  

 

 

 
 

 

Figure A.1: BCF Firing Head (Courtesy, Schlumberger) 

 

This head has a small diameter and is usually used with coiled tubing operations. 

They are usually used to perforate wells which were abandoned, providing 

cleaning and re-circulation. They can be used for high pressure and temperature 

conditions and perforating long intervals in one single trip. They also have a 

feature of releasing any trapped pressure, which is achieved with the help of the 
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bleeder holes. It requires a minimum pressure of about 300 psi to fire the pin and 

is recommended with guns of diameter less than or equal to 1.69 in. (42.9mm). 

 

 DIRECT FIRING HEAD (DFH): This firing head is highly recommended for 

wellbore fluids with high solid content and overbalance perforation. It works by 

the sequential application of the pressure across the piston and moving it upwards, 

exceeding the predetermined value of the shear pins, followed by the release of 

the firing pin (Fig. A.2). This head is also used for multizone perforating by firing 

guns simultaneously with no time delay. It has a shorter length as compared to 

other firing heads, therefore taking less rig time. 

 
Figure A.2: Direct Firing Head (Courtesy, Schlumberger) 

 

They are also used with applications involving releasing guns, setting packersand 

plugs, and for highly deviated wells. 

 

 BHF DROP – BAR HYDROSTATIC FIRING HEAD: It consists of a 

downhole fill sub assembly just above the guns, which has an internal firing pin 

and a drop bar. With the impact of this drop bar, the firing sequence is actuated as 
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the shear rings are pressurized, due to the applied hydrostatic pressure in the sub 

till they are sheared, followed by the release of the balls holding the firing pin. 

The firing pin is then hydrostatically propelled downward towards the detonator, 

which is connected to a detonating cord running down to the gun as shown in 

Figure A.3. The pattern left at the bottom of the bar, due to circular grooves at the 

top of the release sleeve, helps to determine that the bar has made contact with the 

head 

 

 
  

Figure A.3: Bar Hydrostatic Firing Head (Courtesy, Schlumberger) 

  

It is used with straight vertical wells and wells with a deviation of less than 55°. It 

is much safer since it minimizes the possibility of accidental firing.  

 

 

 EXTREME OVERBALANCE FIRING HEAD (EOFH): As the name 

suggests, it is mainly used in extreme overbalance perforating operations in which 

shutting off the pumping of the fluid to wait for the guns to be detonated is 
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undesirable. The direct pressure applied to the firing head drives the piston 

upwards, releasing the balls which lock the firing pin and driving it into the 

detonator by the hydrostatic pressure. In this firing head there is no delay time, 

since as the absolute pressure is applied the firing pin is released and driven 

towards the detonation (Fig. A.4). 

 

 
 

Figure A.4: Extreme Overbalance Firing Head (Courtesy, Schlumberger) 

 

The applications of this head include packerless completions, dropping guns, and 

in highly deviated wells. Maximum pressure and temperature ratings are 20,000 

Psi (138 MPa) and 166 °C (330 °F). However, it cannot work with fluids 

containing H2S. 

 

 E FIRE – TCP FIRING SYSTEM: This firing head (by Schlumberger) consists 

of two systems, Intelligent Remote Implementation System (IRIS) & Slapper 

Actuated Firing Equipment (S.A.F.E.). The former one is used to identify a 
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unique signature of pressure signals sent from the surface through the tubing, 

while the latter one is a firing head technology with an exploding foil initiator 

(EFI). EFI eliminates the automatic detonation of the primary explosives due to 

radio frequencies from welding operations, pressure testing and packer setting 

operations, or radio communications, and makes the detonator insensitive to radio 

frequencies. Combining these two technologies into one system gives the operator 

total control of the operation. The operator can stop firing or abort the operation at 

any time. 

 

After testing the system and its hardware on the surface, the tool is programmed 

and provided input on well information and desired firing command parameters 

based on the operation and type of conveyance. It is then connected to the guns 

and run down the hole. The eFire system is armed automatically just one hour 

after it detects the preset arming pressure. Then the low pressure pulses sent from 

the surface through the tubing are detected by the IRIS controller module, 

allowing pressure testing anytime during the operation. Similarly, the second 

module in response to that signature pressure pulse converts the battery power to 

a high voltage required to initiate the S.A.F.E. detonator leading to the firing of 

the guns. 
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Figure A.5: eFire TCP Firing Head (Courtesy, Schlumberger) 

This system can also record dynamic pressure transient and is ideal for capturing 

the optimum PURE perforating pressure. It records 1000 samples/s just before 1 

second of initiation and continues for 6 seconds (Schlumberger). It is suited to 

both permanent and temporary completion where traditional hydraulic firing and 

conventional perforation methods are limited. Due to its flexibility of design, the 

system has an enhanced safety margin with precise delay times and low-pressure 

initiation (50 Psi). Also the absence of any moving mechanical parts increases the 

reliability and efficiency 

 

 TCP ACESSORIES 

 

 SXPV AUTOMATIC PRODUCTION VALVE: This production valve is 

considered to be the best valve for underbalance and overbalance operations. It is 

placed between the packer and the TCP guns and performs all the functions of a 

conventional production valve with the feature of opening automatically as soon 

as the guns are fired and allowing direct flow from the reservoir into the wellbore 
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and tubing. For underbalance operation it can be run with the tubing containing a 

lighter column of fluid, while in extreme overbalance a synchronization of timing 

between the gun system firing and the valve opening is set to prevent excess 

pressure on the casing. 

 

 DROP BAR TRIGGERED SURGE VALVE (DTRV): This valve is activated 

by a drop bar shearing the break plug inside the valve and detonating the firing 

head to perforation guns (Fig. A.6). It can be opened in both underbalance (by 

operating in rathole pressure mode) as well as in extreme overbalance (by 

operating in pressure tubing mode) condition. This valve can also be used with 

wells with existing perforations and deviated wells less than 55° 

 
Figure A.6:  DTRV Valve (Courtesy Schlumberger) 

 

 FLUID AND DEBRIS ISOLATION SUB (FIS): With the help of this sub, a 

large amount of debris or heavy mud environment is isolated and keeps clean 

fluid around the firing head, ensuring proper operation. It consists of a cone-type 

debris circulation sub with long circulation slots that allow large pieces of debris 

swept off from the conical surface to exit from the sub ports to the annulus area. 

This way the lighter clean fluid gets trapped in the space between the cone and the 

firing head, as shown in Figure A.7, and the heavier fluid does not allow the 
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lighter fluid to be displaced, making the firing operation secured. After firing the 

formation fluid is allowed to flow into the tubing through the sub ports. 

 
Figure A.7:  Fluid & Debris Isolation Sub (Courtesy, Schlumberger) 

 

The debris in the annular space is circulated out, which prevents its accumulation 

above the cone, leading to plugged tubing. The flow rate for the pump is usually 2 

bbl/min (Schlumberger Products). 

 

 EXPLOSIVELY INITIATED VERTICAL SHOCK ABSORBER (SXVA): 

This shock absorber is used as a safety spacer to prevent damage to packer, 

gauges, and gun strings. It is usually placed between the firing head and guns. The 

working principle of the absorber is based on the conversion of kinetic energy 

into heat energy, dissipating the shock. The absorbing elements (Fig. A.8) within 

this absorber are of two types: SXVA-AA, which uses a tightly coiled tube which 

crushes and absorbs until it get flat, and SXVA-BA, which has a specific deform 

limit and works the same way only with a corrugated metal element 
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Figure A.8:  SXVA Shock Absorber (Courtesy, Schlumberger) 

 

 GUN SWIVEL: In deviated wells a gun swivel helps the gun string to rotate with 

respect to the tubing string. It is usually placed in between the guns. These guns 

and their charges are loaded (asymmetrically) in such a way that the guns are 

easily oriented downwards according to the deviation, and the rotation is done by 

swivel along with rotation adapters. With the enhancement in technology, this 

swivel can also be used with various firing heads and between two guns. 

 

 PRESSURE OPERATED UNDERBALANCE VALVE (POUV): This valve is 

usually placed between the firing head and the packer. It keeps the tubing sealed 

until the valve pressurizes internally, allowing the sleeves to push upward opening 

the ports (Fig. A.9). It is not only for underbalance applications, but also for 

highly deviated wells and can be used with H2S.  
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Figure A.9: Pressure Operated production Valve (Courtesy, Schlumberger) 

 

 


