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Introduction 

 

The following paper will provide an introduction 

to the fundamentals of gas pressure regulation as 

used in the natural gas industry.  

 

For all practical purposes, gas regulators can be 

generally classified as either “self-operated” or 

“pilot-operated”. Since self-operated regulators 

are the simplest in design, we will examine their 

operation first. 

 

Self-Operated Regulators: Basic Design 

 

Figure 1 depicts a schematic of a simple self-

operated regulator. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 

Self-Operated Regulator 

 

 

Please use the following legend for all figures in 

this paper. 

 

P0 – Atmospheric Pressure 

P1 – Inlet Pressure 

P2 – Outlet Pressure 

PL – Loading Pressure (when applicable) 

 

Let’s turn our attention to several key parts of the 

regulator in Figure 1. There is a main diaphragm 

that senses P2. On the top side of the diaphragm, 

an adjustable spring exerts a downward force 

along with the P0. Extending from the diaphragm 

is a stem and seat which provide the flow 

obstruction to control P2.  

 

For the sake of discussion, let’s neglect the net 

effect of P1 and P2 pressures on the seat. Thus, 

during normal flow conditions, the forces in the 

vertical or “y” direction are related as follows: 

 

Since:  ∑ F(y) = 0 

 

F(y) ↓ = F(y) ↑ 

 

F(y) ↓ = Force (spring) + P0 x Area (diaphragm) 

 

F(y) ↑ = P2 x Area (diaphragm)  

 

 

 



The operation of the regulator depends on the 

balance of these forces. As load increases 

downstream, P2 decreases slightly. This decrease 

in pressure causes the diaphragm to move 

downward opening the regulator. As the load 

stabilizes, the regulator position stabilizes. As the 

load decreases, P2 increases slightly, moving the 

diaphragm upward, closing the regulator. 

 

Self-Operated Regulators: Droop 

 

This simple operation comes with performance 

problems that the design engineer must be aware 

of. In any self operated regulator, P2 will vary 

with flow. The drop in P2, from original set point, 

is commonly referred to as “droop” or 

“proportional band”. The two main contributors to 

droop are “spring effect” and “diaphragm effect”.  

 

Let’s look at spring effect first. From the figure, it 

can be observed that the main spring compresses 

with upward diaphragm movement and unloads 

with downward diaphragm movement. This 

change in spring force results in changes in P2 

called spring effect. Heavier springs and greater 

diaphragm travel will result in greater spring 

effect.  

 

A second contributor to droop is the diaphragm 

shape itself. Because the diaphragm needs slack 

material in order to move freely up and down, a 

circular fold is incorporated into the diaphragm 

design. As the diaphragm moves downward, the 

top of the fold moves outward, increasing the 

effective area of the diaphragm and lowering P2. 

Any change in diaphragm area must be balanced 

by a change in P2. This change in P2 is called 

diaphragm effect. 

 

If ignored, the combination of spring and 

diaphragm effect would cause an unacceptable 

level of P2 droop over the range of flows.  Since 

regulator capacity tables are based on a given 

droop, decreasing the droop will increase the 

capacity of the device.  

 

Self-Operated Regulators: Boost 

 

To offset droop, all manufacturers have 

incorporated some form of “boost” into their self 

operated regulator designs. Boost is typically 

accomplished through the use of either a pitot 

tube or an engineered venturi throat.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 

Self-Operated Regulator with Pitot Tube 

 

Figure 2 depicts the same regulator as in Figure 1, 

except for the addition of a small pitot tube. The 

end of the pitot tube is positioned in an area of 

high flow velocity. The high gas velocity reduces 

the sensed pressure under the diaphragm to below 

actual P2. This causes the regulator to open wider 

than without the tube, providing a boost to the P2 

over the range of flows.  

 

Self-Operated Regulators: Pressure-Loaded 

 

Another way to lessen spring droop and provide 

for higher outlet pressures is to use pressure as a 

loading force. Pressure-loaded self-operated 

designs achieve this by using a small regulator to 

load the main actuator. A much lighter spring can 

be used in the main actuator; reducing droop and 

 



increasing accuracy. Figure 3 depicts a pressure-

loaded design. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 

Pressure-Loaded Self-Operated Regulator 

 

The loading regulator provides a constant PL to 

the actuator. This PL is used to balance the forces 

of the actuator spring and P2. PL gas is bled 

downstream via a small orifice located between 

the PL and P2 chambers in the actuator. The end 

result is a design that is accurate, quick to open, 

but slower to close than other self-operated 

designs. 

 

Self-Operated Regulators: Lock-Up 

 

Another design goal for regulators is the ability to 

get a tight shut off or “lock-up” at zero flow 

conditions. To achieve this goal, most designs 

incorporate a soft resilient seat coming to rest 

against a sharp edged aluminum or brass orifice. 

The additional force required to make this seal 

bubble tight results in a slight raise in P2. This 

raise in P2 is referred to as “lock-up”. At higher 

P1 pressures, acceptable lock-up values may be 

difficult to achieve. As a result, most self-

operated regulators use a 4:1 lever to increase the 

closing force of the seat.  

 

Figure 4 depicts this 4:1 lever design in the closed 

position. The movement of the diaphragm is four 

times the movement of the seat. This provides 

excellent closing forces to ensure tight lock-up. 

However, the larger diaphragm movement equates 

to larger droop and lower overall capacities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 

Self-Operated Regulator with 4:1 Lever 

 

Pilot-Operated Regulators: Introduction 

 

Pilot-operated regulators address the droop issue 

in a completely different way than self operated 

regulators. Their designs employ a small pilot 

regulator to sense P2. The small pilot will either 

increase or decrease a loading pressure (PL) to a 

larger main actuator diaphragm.  

 

Pilot-operated regulators can be classified into 

two categories: 

 

1. Two-Path Control Systems 

2. Pressure-Unloading Systems 

We will begin our discussion by looking at the 

two-path control system. 

 

Two-Path Control Systems: Design 

 

Figure 5 depicts a two-path control system. The 

P2 is sensed directly by the main actuator 

 

 



diaphragm and by the pilot regulator. As load 

increases, the pilot senses the slightly lower P2 

and opens, supplying an increased PL under the 

actuator diaphragm. The actuator diaphragm 

already began to move in response to the slight 

change in P2 and is assisted in that movement by 

the increase in PL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 

Pilot-Operated Two-Path Control System 

 

Likewise, as load decreases, P2 increases slightly 

and the pilot closes reducing PL. Note that there is 

a constant bleed from PL to P2. This gives the 

pilot the ability to accurately control the PL.  

 

Two-Path Control Systems: Performance 

 

In pilot-operated designs, a very small movement 

in the pilot diaphragm is able to move the main 

actuator up to full stroke, depending on the flow 

conditions. In effect, the pilot amplifies changes 

in P2 to the PL. This amplification is called 

“gain” and results in low droop over the range of 

flows. Quick response to changing loads is also 

maintained, since the two-path system allows 

simultaneous reactions to changes in P2 by both 

the actuator and pilot. Unlike the pressure-loaded 

self-operated design shown earlier, the pilot 

regulator provides a variable loading pressure to 

the actuator rather than a fixed pressure.  

Pilot-operated regulators can achieve far greater 

capacities than self-operated designs. While self-

operated regulators are usually limited to a 

maximum body size of 2”, pilot-operated designs 

accommodate actuator body sizes up to 12”. 

Again, this is made possible by the high gain of 

the design. 

 

Now let’s examine the second category of pilot 

operated regulators.  

 

Pressure-Unloading Systems: Design 

 

Depicted in Figure 6 is a pressure-unloading 

design. These designs typically use a flexible 

element to control flow across the actuator. 

Again, a pilot regulator is used to sense P2 and 

control a PL applied to the main actuator.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 

Pilot-Operated Pressure-Unloading 

 

As load increases downstream, the slight 

reduction in P2 is sensed by the pilot, which 

opens, reducing the PL. This pressure “unloading” 

moves the main actuator away from the seat, 

allowing more gas to flow downstream. Flow 

across an adjustable bleed orifice supplies a PL 

from a P1 supply line. The pilot orifice is larger 

 

 



than the largest setting on the adjustable bleed 

orifice. This allows the pilot to raise or lower the 

PL in order to control the flow. 

 

Pressure-Unloading Systems: Performance 

 

Unlike the two-path control systems, pressure-

unloading systems do not have the simultaneous 

reactions of pilot and main actuator to changes in 

P2. The actuator will only change positions when 

the pilot has sensed P2 changes and modified the 

PL. This makes this design slower to respond to 

changes in flow. However, since the pilot has the 

same high gain characteristics of the two-path 

control system, this design again combines high 

capacities with low droop performance.  

 

SUMMARY OF CHARACTERISTICS 

 

The last portion of this paper will provide the 

reader with a summary comparison of the 

different regulator designs.  

 

Regulators are used in a wide variety of 

applications. Table 1 lists where you might expect 

to find the different regulator designs described in 

this paper. 

 

 
Table 1 

 

As you may expect, self-operated designs 

dominate at the lower flow rates due to their low 

cost and ease of maintenance. Since the vast 

majority of installations are at lower flow rates, 

self-operated regulators are the most widely used 

design in the industry. Pilot-operated designs 

become the regulator of choice as flow rates 

increase. Naturally some exceptions apply. 

 

Table 2 compares the designs against one another 

with regards to various performance parameters.  

 

 
Table 2 

 

From the table you can see that self-operated 

designs offer a low-cost, robust performance.  

Pilot-operated designs achieve higher accuracy 

and greater capacities at a correspondingly higher 

cost. Again, this table is very general in nature 

and exceptions do apply.  

 

Conclusion 

 

This paper has given the reader a quick overview 

of regulator designs in the industry. There are 

other designs in use as well, but these are the most 

common.  

 

As you can see, each design represents a series of 

compromises, usually cost versus performance. It 

is the job of the design engineer to weigh these 

factors when selecting the best regulator for the 

job. 


