
www.pgjonline.com |  45

Brazos’ Midstream Strategy 
Includes Compression Pipeline & Gas Journal Special Report

ort Worth-based Brazos Midstream 
isn’t your typical midstream company. 
Actually, in today’s energy industry 
there is no typical midstream com-

pany. Few, if any, are identical, and their 
mixture of assets can change almost daily, 
depending on business conditions and the 
management team’s strategy.

When Chief Executive Officer Brad 
Iles, Chief Financial Officer William 
Butler, Chief Commercial Officer Stephen 
Luskey and Chief Operating Officer Ryan 
Jaggi founded Brazos Midstream two years 

ago, their business plan was to focus on crude oil gathering, natural 
gas gathering and processing, compression, treating, water and con-
densate handling and stabilization. 

Brazos’s work is centered in the southern Delaware Basin in West 

Texas. Their assets include 35 miles of crude oil-gathering pipeline; 
two crude oil storage terminals with a combined capacity of 50,000 
bbls; 240 miles of large-diameter, low- and high-pressure natural gas-
gathering pipeline; field compression facilities initially designed for over 
250 MMcf/d; two cryogenic natural gas processing plants, including 
Comanche I, a  60 MMcf/d  plant in operation, and Comanche II, a 200 
MMcf/d plant under construction with anticipated in-service date Q1 2018.

In this interview, Jaggi discusses the company’s work as a compres-
sion service provider, one of the fundamental pieces of the natural 
gas business. Jaggi has over 16 years of experience in engineering, 
project management and operations. As Chief Operating Officer 
he oversees the company’s operations and asset management. Prior 
to Brazos, Jaggi was Vice President of Engineering for Wildcat 
Midstream Partners, where he led project management and engineer-
ing responsibilities for the company’s Permian and Caddo assets. He 
earned a BS degree in mechanical engineering from the University of 
Missouri-Rolla and an MBA from Texas Christian University.
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P&GJ: Ryan, how did you get into the energy business?
Jaggi: My father has always worked in the oil and gas busi-

ness, so I grew up around it. During college, I interned for a mid-
stream company in Oklahoma and really enjoyed my time there. 
Unfortunately, when I graduated from college, the industry was in a 
downswing and no one was hiring in the midstream sector. A small 
Fort Worth-based company, XTO Energy, decided to take a risk and 
hire a green engineer right out of college. I worked in their gas opera-
tions group, enjoying the rapid pace of the business. 

I traveled all over the country building pipelines, gas-processing 
plants and compression facilities. I learned a lot working in the field 
with operations and mechanical personnel. I believe those lessons 
have helped me better understand how to design midstream facilities 
in a prudent way that also meet the needs of our producer customers.

P&GJ: Brazos has grown quickly in the past two years. How does 
the compression segment fit in with Brazos’ overall business strategy? 

Jaggi: While many companies tout their plant and pipeline 
capacities, well-designed field compression is the first line of 
defense from having to curtail customers’ production due to capacity 
constraints. At Brazos, a key to our success is making sure that our 
compressor packages are as flexible as possible while still running 
efficiently. Conditions can change quickly based on customer’s pref-
erences, volume fluctuations and downstream pressure constraints. 
Having the correct cylinder configurations and station design gives us 
confidence that we can continue to move gas in all types of scenarios.

P&GJ: How does compression design help you plan for 
future growth?
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he mixed operation of centrifugal and reciprocating com-
pressors in a single compression plant has become common 
design practice over the last 20 years, as this arrangement can 
provide benefits for highly cyclical process profiles. 

Conventional thinking was that a centrifugal compressor may 
experience some pulsations from the reciprocating compressor 
when in series or from both the common suction and discharge 
headers, but good reciprocating compressor bottle and manifold 
designs would result in minimal impact on the operational stability 
of the centrifugal compressor. 

This assumption held true for small-horsepower and low-speed 
applications and with older, high-pressure drop and often sig-
nificantly oversized pulsation-control systems. However, recent 
experience with mixed compressor stations utilizing large power 
and high-speed modern separable reciprocating compressors with 
modern efficient pulsation control systems shows that the centrifu-
gal compressor can be moved into pulsation-induced operational 
instability for both parallel or series arrangements. This clearly 
presents a station design challenge, operational range limitation, 
and a basic safety concern.

Experimental Facility
Laboratory testing of reciprocating and centrifugal compressor 

mixed operation was performed in an air loop at the SwRI compres-
sor laboratory. Figure 1 shows a schematic of the test arrangement 
and photos of the compressors. The testing was performed using a 
50 hp single-stage, double acting reciprocating compressor mounted 
upstream of a two-stage, 700 hp centrifugal compressor. 

The reciprocating compressor suction was open to atmosphere 
with an operating range of 300-1,000 rpm (5-17 Hz) using a vari-
able frequency driver. Similarly, the centrifugal compressor was 
operating in a semi-open recycle loop with the loop’s discharge 
throttled back to atmospheric pressure, a speed range of 2,000-
14,000 rpm, and maximum pressure ratio of 3:1. However, for 
safety reasons, the centrifugal compressor’s speed and discharge 
pressure were limited to 7,000 rpm and 2 bar (30 psi), respectively, 
for the subject test series. 

Reciprocating 
Compressor 
Pulsations Effect 
on Compressor 
Surge Margins

By Klaus Brun, Director, Sarah Simons, Scientist,  
Southwest Research Institute (SwRI), San Antonio, TX, and 
Rainer Kurz, Manager Solar Turbines, San Diego, CA

T

Jaggi: Now that producers are drilling multi-well pads and 
fracking them all at the same time, being flexible has become 
the new norm. Midstream operators must be able to handle 
spikes in volumes over a brief period. For example, Brazos is 
currently constructing infrastructure for an eight-well pad to be 
brought online toward the end of this year.

To accommodate production from these types of multi-well pads, 
compressor units need to be designed to allow for a range of operating 
conditions by simply adjusting setpoints or valve pockets to handle incre-
mental volume. Understanding the relationship between the cylinder size, 
suction pressure, and full range of compression capability enables Brazos 
to maintain flexibility and strategically design for growth.

P&GJ: Have you planned for your current compression capa-
bilities to be expanded? If so, what are some lessons learned?

Jaggi: Brazos designs all of our compressor stations to operate at 
the same design conditions so that we can easily move a unit from one 
station to another, based on demand. This allows us to quickly expand 
without having to redesign the entire station. We also build the headers 
at all of our stations to accommodate for future compression. Finally, 
identical station designs save on costs since the contractors can be more 
efficient with concrete crews, field fabrication and overall manpower. 
This standardization helps alleviate the dreaded change order battle and 
shortens the overall construction time, enabling Brazos to pivot quickly.

P&GJ: What are the greatest challenges you are seeing in the 
Delaware Basin related to compression?

Jaggi: The biggest challenge we face right now is predicting the 
future. There was a time equipment costs were competitive and lead 
times were reasonable, but the market has changed due to the rapid 
growth in the industry, especially in the Permian. We now see lead 
times on new compression packages ranging from eight to ten months 
in some cases, which puts pressure on project planning.

P&GJ: How have you overcome these challenges?
Jaggi: At Brazos, we try to address the challenges we see in the 

midstream sector in a few different ways. It starts with close coordina-
tion with our producer customers regarding their short- and long-term 
development plans and forecasting these compression needs relative 
to our physical capacity. This helps identify any capacity constraints 
before they occur. Secondly, we maintain a queue of “spare” units that 
allows us to be responsive to any changes in our producer-customer’s 
plans. Lastly, at times we have relied on rental compression for projects 
that require expedited schedules. The rented packages are typically 
identical to our standardized purchased fleet. This ensures that we meet 
project schedules and that our mechanics can efficiently operate and 
maintain all our units. P&GJ

From left are CFO William Butler, CEO Brad Iles and COO Ryan Jaggi.
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Baseline Data 
All surge tests were performed with the centrifugal compres-

sor operating at 7,000 rpm and near-ambient suction pressure to 
minimize the risk of damage to the compressor during the antic-
ipated surge events. Figure 2 shows 4 Hz axial rotor vibration 
measured by proximity probes for no-surge vs. surge-operating 
conditions of the compressor. 

Clearly, a significant rise in 4 Hz vibration amplitudes is 
observed. Similar results showing significantly elevated surge-
pressure pulsations at the characteristic 4 Hz were seen from the 
suction and discharge dynamic pressure transducers. Thus, for all 
test series, the onset of surge criteria was established to be a rapid 
increase in 4 Hz compressor axial vibrations and suction/discharge 
flange dynamic pressure pulsations.

Impact On Surge Margin
To determine the impact of externally induced pulsations on 

the surge margin of the centrifugal compressor, the reciprocating 
compressor is operated upstream in series with the centrifugal 
compressor. The pulsations from the reciprocating compressor thus 
travel through 55 feet of varying diameter pipe before they enter the 
centrifugal compressor suction flange. 

Some pulsation attenuation or acoustic amplification will occur in 
this pipe segment and must be quantified. Time domain pulsations 
were measured at the reciprocating compressor discharge, the centrif-
ugal compressor suction, and the centrifugal compressor discharge.

For the testing, the centrifugal compressor was initially oper-
ated at a stable point with approximately 15% surge margin to 
the right of the surge line. The reciprocating compressor was 
then started, brought to a fixed speed, and its pressure and flow-
pulsation amplitudes were recorded at the centrifugal compres-
sor suction flange using dynamic pressure transducers and the 
hot-wire anemometer, respectively. 

The centrifugal compressor loop recycle valve was then slow-
ly closed until surge was clearly indicated by axial vibrations 
and suction/discharge pulsations. Only when the previously 
established surge criteria were fully met was the pulsation-
induced surge point recorded. The difference between the previ-
ously recorded steady-state surge point (from the performance 
map) and the pulsation-induced surge point was used to calcu-
late the difference in surge margin. 

Figure 3 shows a typical test run with the reciprocating com-
pressor running. Pressure fluctuations and compressor inlet flow 
are plotted vs. test recording time. In this case, the 4 Hz discharge 
pulsations are used as an indicator for the onset of surge. The test 
started at 1:55:44 p.m. with the recycle valve being slowly closed, 
decreasing the flow into the centrifugal compressor (red line). 

At the time of 2:00:53 p.m., the 4 hertz (Hz) discharge volute 
pulsations are seen to increase, which corresponds to a flow of 
106.5 actual cubic feet per minute (acfm), about 6 acfm away 
from the steady-state surge line. As the recycle valve is further 
closed, and the flow is further decreased, the pulsations are seen 
to increase, approximately linearly with flow reduction. A dras-
tic 4 Hz pulsation increase can then be observed when the flow 
reaches the steady-state surge line at 100.5 acfm. 

In this particular case, a gradual onset of surge can be observed 
well before the machine is operating near the surge line. This pro-
vides evidence that periodically unsteady flow can induce surge in 
a centrifugal compressor when the compressor is seemingly still 
operating to the right of the surge line on the performance map. 

Operating Map Ellipse
For the 106 acfm surge onset case (with the reciprocating compres-

sor running), the pulsations entering the centrifugal compressor just 
before the onset of surge were measured to be 44 acfm peak-to-peak 
in flow and 0.058 psi peak-to-peak in pressure. One can thus plot an 
ellipse of the actual operating point of the centrifugal compressor 
based on its fluctuating suction flow and pressure conditions. 

This operating map ellipse defines the cyclically unsteady 
operating point of the compressor on its performance map. 

Figure 1: Schematic of the test loop arrangement

Figure 2: Axial compressor vibrations before and in surge conditions.

Figure 3: Test results of 4 hz pulsations and flow vs. test time.
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Specifically, the ellipse closely represents the true operating 
range of the compressor on the compressor map, since with 
periodically transient cyclic suction/discharge operating pres-
sures, the compressor operating point will never be on its time-
averaged or steady-state operating point.

One should note that pulsations from a reciprocating compressor 
are not perfectly sinusoidal. Still, the assumption of an elliptical 
shape significantly simplifies further analysis and was found to not 
introduce significant error when used as a design tool. 

The operating map ellipse can be further refined by showing the 
different pulsation frequency orders as shown in Figure 4. In this 
example, the reciprocating compressor running speed was 615 rpm, 
the excitation frequency was 10.25 Hz, and a surge margin differ-
ential of 41.2% was found. 

Clearly, the compressor surged before it had reached its peak 
pressure ratio on the 7,000 rpm speed line. The 1st order ellipse 
shows the induced pulsation only from the pulsations at the 
10.25 Hz operating frequency (running speed), the 1st and 2nd 
order ellipse show energy from both first and second orders (up 
to 20.5 Hz), and the 1st, 2nd, and 3rd order ellipse show energy 
up to 30.75 Hz for all three orders. 

Pulsations from reciprocating compressors have significant high-
er order frequency content when the cylinders are double-acting 
since the pulse wave form is not sinusoidal. Thus, in this case, most 
pulsation energy was in the second order as can be seen by the much 
larger 1st and 2nd order operating map ellipse. 

The energy from the 3rd order does not significantly increase 
the radius of the operating map ellipse (1st, 2nd, and 3rd) as it 
does not contain significant pulsation energy. Fourth and higher 
order frequency energy content was also found to be negligible. 
In most cases, for reciprocating compressors operating below 
1,500 rpm, almost all surge-relevant pulsation energy is con-
tained in the frequency orders below 75 Hz.

Test Results
For very high pulsation amplitudes, surge margin reductions 

above 40% were seen. However, for more moderate pulsation 
levels, similar in range to pulsation to mean line pressure ratios 
found in industrial compressor station applications, surge mar-
gin reductions were closer to 15-25%. The flow and pressure 
pulsation data was utilized to determine the operating map 
ellipse and the area of the ellipse that crosses the surge line. For 
all test cases, this area was found to be approximately 30-35% 

of the total operating map ellipse’s area.
To validate current engineering tools and to improve the com-

pressor station design process, the test data was benchmarked 
to SwRI’s 1-D time domain transient pipe flow analysis code 
(TAPS). From a compressor station design perspective, the criti-
cal question is whether the 1-D transient piping codes currently 
utilized by the industry can adequately predict the suction/
discharge pulsations on a centrifugal compressor such that the 
induced pressure and flow fluctuation accurately represent the 
characteristic ellipse around its steady-state operating point on 
the compressor’s performance map.

Thus, a number of numerical studies were performed using 
the model of the complex piping system of the previously 
described test facility and compressor operating characteristics 
for comparison with test data. TAPS provides a pulsation analy-
sis by solving the 1-D time-domain Navier-Stokes equations of 
fluid flow through complex piping networks for highly transient 
flows and is commonly utilized to analyze piping acoustic prob-
lems in compressor stations. 

Figure 5 shows a frequency domain comparison between test 
data for the 480 rpm speed reciprocating compressor case vs. 
pulsation amplitude and frequency predictions from TAPS. The 
predictions are seen to match test data to within 6%. Having the 
capability to numerically analyze pulsating flow in the complex 
piping and equipment network of a mixed compressor station is 
imperative for design work and safe operation. 

Design Recommendations
To avoid centrifugal compressor surge or operating range 

reduction due to pulsations from a reciprocating compressor in 
a mixed compressor station, it is worthwhile to establish some 
basic engineering guidelines for station design. The most con-
servative design rule is simply to require that the centrifugal 
compressor’s operating map ellipse does not cross the surge 
line for all operating conditions of the compressor station. 
However, this rule may be excessively conservative and could 
result in a significantly reduced operating range of the centrifu-
gal compressor. 

A more pragmatic approach is to set a threshold interference 
level between the operating map ellipse and the surge that results 
in measurable surge. From the results of the above testing, it was 
found that surge was consistently identified when approximately 
30% of the area of the operating map ellipse had crossed the surge 

lines for all suction/discharge pulsation frequency 
orders under 75 Hz.

Conclusions
Pressure suction/discharge pulsations in pres-

sure and flow can move a centrifugal compressor 
into surge and affect its performance. In mixed 
pipeline compressor stations where centrifugal 
compressors operate in series or parallel with 
reciprocating compressors, this is of special con-
cern for operational range and safety reasons and 
must be considered during the design process. 
Thus, testing of reciprocating and centrifugal 
compressor mixed operation was performed in 
an air loop at the SwRI compressor laboratory. 

The specific goal was to quantify the impact 
of periodic pressure and flow pulsation origi-
nating from a reciprocating compressor on the 
surge margin and performance of a centrifu-
gal compressor. The principal findings of the 
above-presented research are summarized below. 

2017 Compression Report

Figure 4. Operating map ellipses for different pulsation frequency orders.
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Specifically, test and analysis results 
provided clear evidence that:
 !  External pulsations applied to the 

suction or discharge flange of a cen-
trifugal compressor reduce its surge 
margin significantly.

 ! The geometry of the piping system 
immediately upstream and down-
stream of a centrifugal compressor 
can have significant impact on the 
surge margin reduction (surge mar-
gin differential). 

 ! The reduction of surge margin due to 
external pulsations is a function of the 
pulsation’s amplitudes and frequen-
cies at the compressor suction and 
discharge flange. High suction flange 
amplitudes at low frequencies sig-
nificantly increase the risk of surge. 
Surge margin reductions (differentials) over 40% were observed 
during testing.

 ! Using the transient operating map ellipse of the centrifugal 
compressor is a useful tool to identify the potential onset 
of surge. From the operating map ellipse surge margin dif-
ferential can be calculated for various orders of pulsations. 

 ! Surge was consistently identif ied when approximately 
30% of the area of the operating map ellipse had crossed 
the surge lines for all suction/discharge pulsation fre-
quencies orders. 

 ! A transient time domain 1-D Navier-Stokes pipe network 
analysis model was able to accurately predict suction/dis-
charge pulsations into a centrifugal compressor and thus, 
its operating map ellipse. Using the above-described basic 
design rule,  these pressure/flow pulsation amplitude pre-
dictions can be related to surge margin differential.

When designing compressor stations, it is critically important 
to have a full understanding of the impact of the station’s pip-
ing system on the compressor dynamic behavior. Both acoustic 
resonance and system impedance are functions of the entire piping 
system connected to the compressor. Thus, a careful acoustic and 
impedance design review of a compressor station design should be 
performed to avoid impacting the operating range of the machine 
and to properly balance these needs against the surge control system 
design requirements. P&GJ

Authors: Dr. Klaus Brun is program director of the Machinery 
Program at SwRI. His experience includes positions in engi-
neering, project management, and management at Solar 
Turbines, General Electric, and Alstom.  He holds six patents, 
authored over 150 papers, and published two textbooks on gas 
turbines. He is the Executive Correspondent of Turbomachinery 
International Magazine and an Associate Editor of the ASME 
Journal of Gas Turbines for Power.

Sarah Simons is a research scientist in the Fluid Machinery 
Systems Section at SwRI). In her five years at SwRI, she has 
gained experience in the fields of acoustics, vibrations, and 
piping design. She has performed many acoustic, thermal, and 
modal analyses of complex existing and new machinery pip-
ing systems (for both compressors and pumps) with the aid of 
commercial and in-house digital design tools. She  has written 
and co-authored papers on the subject of acoustics, pulsations 
and vibration in the piping systems of compressors and pumps. 
Simons has a degree in mathematics from the University of 
California-Davis.

Figure 5: Comparison of centrifugal compressor inlet pulsation from taps predictions vs. test data.

Dr. Rainer Kurz is the manager, Systems Analysis, at Solar 
Turbines Incorporated in San Diego, CA. His organization is 
responsible for analyzing compression requirements, predicting 
compressor and gas turbine performance, for conducting applica-
tion studies, and for field performance testing. Kurz has written 
numerous publications about turbo-machinery related topics and 
is an ASME fellow and member of the Turbomachinery Symposium 
Advisory Committee. He received the degree of a Dr.-Ing  from the  
the Universität der Bundeswehr in Hamburg, Germany.
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n ensuring the efficient use of fossil 
fuel energy and to reduce overall carbon 
emissions, the possibilities of maximiz-
ing exhaust-heat recovery should be 

seriously considered. Gas turbines reject 
50% or more of the energy in the fuel into 
the atmosphere through the exhaust systems. 

Some of this energy can help make steam 
and provide heat to processing plants or to 
generate electricity. Gas turbines utilized to 
drive gas compressors in pipeline service 
could benefit from the use of energy recov-
ery systems to reach optimal emission and 
consumption figures. 

The majority of compressor stations 
are in remote locations that lack adequate 
water supplies. For many jurisdictions, a 
steam system also requires the services 
of a certificated engineer 24 hours a day. 
Compressor stations operate remotely with-
out a permanent staff on site, and the burden 
of this requirement adds substantially to the 
operating costs. A heat-recovery system for 
a compressor station, therefore, has to be 
based on a Rankine cycle using an organic 
fluid rather than steam. 

The mechanical work output of the cycle 
can be used to generate electricity and 
increase the overall efficiency of the plant 
without adding to emissions. The electric-
ity generated can provide revenue and, by 
displacing power generated from baseload 
power stations, contribute to an overall 
reduction in carbon emissions.

Organic Rankine Cycle
The elements of the organic Rankine cycle 

(ORC) consist of a heat exchanger in the 
exhaust system of the gas turbine, an expander 
turbine driving an electric generator, a water-
cooled or air-cooled condenser, a working 

fluid and a feed pump (Figure 1). Air cooling 
is usually preferred as water supplies may not 
be readily available and air cooling avoids 
problems with freezing. The cycle is sealed 
and closed, requiring no makeup fluid. Proper 
working fluid shall be selected through a 
parametric analysis in order to reach the high-
est thermodynamic performance and mini-
mum environment impact for the cycle (Zeki 
Yilmazoglu, et al., 2014).

An exhaust-heat recovery system can be 
built up from standard and readily available 
components. Turbo expanders, for example, 
are widely used in the gas industry and are 
available in a range of sizes and operating 
characteristics. Similarly, the heat exchang-
ers are readily available with several spe-
cialist organizations capable of designing 
and supplying complete organic packages 
to suit various turbine sizes.

The power of the single-stage Rankine 
cycle may be enhanced by using a cascaded 
system with an additional stage of expan-
sion in series with the primary expander. 

The discharge from the primary expander 
is put through a regenerator where the residual 
heat is exchanged with a secondary flow of 
fluid, which, picking up heat from the regen-
erator, flows through the second expander 
before returning to the condenser. This cas-
caded system can add to the energy recovered 
from the single-stage expansion process.

The cascaded system described above 
uses the same fluid for both stages of 
expansion, but another option is to have two 
different fluid circuits. The first takes the 
heat from the exhaust stack and discharges 
through the regenerator before entering the 
condenser, and a second separate circuit, 
using a lower boiling point fluid, takes heat 
from the regenerator and expands through 
the second turboexpander. In both cases, the 
power from the expanders is used in tandem 
to drive a single electric generator.

Today’s generation of large gas turbines, 
25-35 megawatt (MW), being used to drive 
the gas compressors on pipelines now have 
levels of efficiency approaching or exceed-
ing 40%. Adding a bottoming cycle can 
add up to 10% or more efficiency without 
increasing fuel consumption.

This represents a substantial increase in 

overall system efficiency. Moreover, the 
electric power produced can displace a 
substantial quantity of fossil-fueled power 
generation. This additional power has the 
further advantage of being load following, 
in other words, the power output is in step 
with demand for flow in the gas pipeline 
and is available to meet peak demands for 
electricity, unlike other intermittent sources 
such as wind or solar.

The exploitation of this technique has taken 
some time to become practical and wide-
ly used. The principal reasons for this are 
economic, not technical. In considering the 
viability of each project it is essential that the 
following requirements are borne in mind: 
 ! The additional capital costs of the plant 

per kW generated; this will determine 
payback time.

 ! Access to the grid for the power pro-
duced, distance required to make the 
connection, and the capacity of the line 
to match the power.

 ! Cooperation with the utility which will 
purchase the power and firm contract 
agreements for the price to be paid for 
the power.

Canada Chronology
One of the first examples was completed 

about 30 years ago at a compressor station in 
the province of Alberta. The gas turbine was a 
GE LM 1500, the working fluid was ammonia 
and the Rankine cycle included a multi-stage 
axial flow expander in a single circuit.

This unit demonstrated the principle, but 
performance did not meet expectations. 
One problem was the lack of uniformity of 
flow distribution across the exhaust duct. 
Typically, the exhaust from the power 
turbine is turned at 90 degrees and dis-
charged into a radial volute before exiting 
vertically into the stack. This can result in 
high velocity on one side of the duct and 
low velocity on the other; the distortion of 
the flow field in this case did not help the 
heat-exchanger performance. 

This uneven flow distribution is very com-
mon and can also result in high levels of noise 
in the exhaust system. Another difficulty was 
that the station in question operated with a 
highly variable load profile; this did allow 

Capturing Waste Heat from 
Gas Compressor Stations

By Tony Cleveland, Cleveland Engineering Services Ltd, Calgary, AB, Canada and Saeid Mokhatab, 
Gas Processing Consultant, Dartmouth, NS, Canada

I

Figure 1: Exhaust-heat recovery system.

Mokhatab Cleveland
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the exhaust-recovery system to reach opti-
mum conditions for extended periods. The 
performance shortfall and the complications 
of servicing a highly toxic ammonia system 
did not encourage further work.

Contemporary with this work, the 
Mackenzie Valley pipeline project, pro-
posed in 1977, provided an opportunity for 
consideration of the organic Rankine cycle 
for providing power directly to a cooling 
system. As over half the length of the pro-
posed pipeline traversed the regions north 
of the 60th Parallel, the gas had to be cooled 
so as not to melt the permafrost.

Refrigeration would be required at 
each station in the permafrost region 
before the hot compressed gas could be 
returned to the ground. One proposal 
suggested using a Rankine cycle with 
propane as the working fluid, heated by 
the exhaust from the gas turbines to drive 
the refrigeration compressors.

Design studies showed the feasibil-
ity of this concept and pointed out that the 
recovered energy from the gas turbine unit 
exhausts would provide sufficient power 
for this effort. However, the Mackenzie 
Pipeline project was canceled in 1978 and 
this proposal was stillborn.

While the concept was never wholly for-
gotten, there were no practical opportunities 
to exploit it for several years, until gas prices 
began rising and concerns were expressed 
about emissions from power stations. It was 
not until 1999 that the concept took center 
stage again when two compressor stations in 
Alberta, one with TransCanada Pipelines at 
Gold Creek and the other with the Alliance 
Pipeline system, were enhanced by waste 
heat-recovery plants. 

Both of the heat-recovery systems were 
based on a propane cycle and were designed 
and built by Ormat. Ormat has specialized 
experience in the design and construction of 
waste heat and low-temperature heat-recov-
ery systems and was the preferred supplier. 
The turbine units involved were a Rolls-
Royce RB211 at Gold Creek and a GE LM 
2500 on the Alliance system. These units 
are in a similar power band, 25-30 MW, and 
the single-stage Ormat systems gave about 
6 MW power output in each case. 

These initiatives were not immediately fol-
lowed up; time was needed to assess the opera-
tional reliability. Following positive results there 
has been a revival of interest in energy recovery 
and enhancing efficiency in fuel usage, as the 
pressure continues to reduce carbon footprint.

In recent years, waste heat-recovery 
units, again using the Ormat equipment, 
have been installed on the Northern Borders 
pipeline system in Idaho, Montana, North 
Dakota (Figure 2). Additional units have 
been built in Saskatchewan and Alberta 

on connecting pipelines. The capability of 
this technique seems to be assured and the 
question of future expansion depends upon 
economics. The environmental benefits of 
this technology are obvious and significant. 

The production of electricity without fur-
ther expenditure of fossil fuel, no carbon 
emissions or displacement of power pro-
duced by carbon-based generation must be 
included in the overall positive assessment. 

Recovery and Efficiency
The power-recovery potential depends 

upon the exhaust gas temperature and the 
mass flow of the turbine. In this respect, 
some of the older and smaller units, having 
lower cycle efficiency, show larger propor-
tional benefit than the newer, larger, high-
efficiency turbines, such as the RB211.

The Avon, for example, will offer a 
greater proportionate power recovery than 
its larger brother. Taking some examples 
of the results calculated for a number of 
turbines, using a cascaded heat-recovery 
system, the possibilities of energy recov-
ery are demonstrated in Table 1. However, 
it is important to evaluate each case with 
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the proposed units, taking into account the 
expected loading and use.

Determining Factors
Before embarking on a waste heat-recov-

ery project the economics must be evalu-
ated. The preliminary study must consider 
all the relevant economic and operational 
factors. There are three conditions which 
must be satisfied at the proposed site:
 ! Reasonable access to a robust grid con-

nection.
 ! A long-term contract for the sale of the 

power produced.
 ! High load factor on the compressor 

station.
The first point is essential if excessive 

connection costs are to be avoided. The 
second should work to the advantage of the 
pipeline company and the utility because 
power will be available all the time the sta-
tion is running. Point 3 is important to both 
parties in providing maximum access to 
green power for the utility and maximizing 
the cost benefits to the gas company.

A firm, long-term contract for the sale 
of power generated is essential to ensure 
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payback of the capital and to provide an 
economic return on investment. A high 
load factor is important because the income 
depends on operating hours and the com-
pressor station power output.

The first step in evaluation should be to 
undertake a survey of all sites to determine 
the accessibility to the electric grid and, 
where suitable sites are identified, analyze 
the current and projected load factors 
and the potential for heat-recovery output. 
Given this data, discussions with the utility 
may lead to establishing the economics of 
the site and the prospect for mutual interest 
in proceeding. 

In some recent developments, the sup-
plier of the heat-recovery system has 
undertaken its engineering, installation, 
maintenance and operation as well as the 
collection of the revenue for the power 
produced, and royalty payment to the pipe-
line company for use of the exhaust heat. 
This simplifies the risk assessment for the 
pipeline company and the utility because 
the supplier of the heat-recovery system 
assumes much of the risk.

Wider View
This article has concentrated on the 

Figure 2: ORC heat recovery unit installed at Northern Border pipeline’s St. Anthony com-
pressor station in North Dakota (Hedman, 2008).

Gas turbine model Energy output Waste heat Combined energy 
 (kW), baseline  recovered (kW) efficiency (%)
Solar Centaur 40       3,515 1,850 42.6
Solar Taurus 60        5,670 2,560 45.7
Solar  Mars 100 10,690 4,560 46.5
Pignone PGT 25-plus 30,220 9,200 51.6
Rolls Royce RB211/61 32,100 10,800 52.5

Table 1: Exhaust heat-recovery yield for typical gas turbines.



www.pgjonline.com |  53

2017 Compression Report

recovery of energy and increasing the 
efficiency of pipeline compressor stations, 
but we should note the use of ORC energy 
recovery has wider applications with cor-
responding benefits.

Distributed generation, with gas tur-
bines close to the power users, requires 
units of lower power that benefit from 
ORC heat-recovery application, a subject 
which is discussed by Welch (2016)1. He 
demonstrates the efficiency gains and the 
flexibility of using several small units, 
both in terms of part-load efficiency and 
speed of response, an essential feature 
when backing up the uncertainties of wind 
and solar power.

Conclusions
The capturing of some of the energy in the 

exhaust stream from the gas turbine compres-
sor units on a pipeline system and generating 
electricity is of direct benefit to the efficiency 
of the electrical grid and does not inflict any 
penalty on the transmission system.

The extra power provided to the grid is 
carbon free and “green.” The cost can be 
competitive with other input sources of 
environmentally friendly power, such as 
wind and solar, and has a high availability. 

The additional pressure loss in the exhaust 
system of the turbine is small and the loss 
of power negligible.

While not all compressor stations are 
candidates, it is estimated there is a sig-
nificant number on major transmission 
systems that would qualify and make a sig-
nificant contribution to sustainable energy. 
The economics, however, are generally the 
determining factor.

The key economic parameters to be 
evaluated in each case include access to 
the grid and the price to be paid for the 
power produced. Collaboration between 
the pipeline company, the utility and the 
supplier of the heat-recovery equipment 
is an essential part of a successful project. 

In summary, the waste heat-recovery 
systems can provide electric power equal 
to or greater than 20% of the power of the 
base unit without incurring any increase in 
carbon emissions. 

The power produced has high avail-
ability in comparison with other renewable 
sources, is ecologically and environmen-
tally benign, and is load following, that is 
it will generally track the demand on the 
electricity system. P&GJ
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The American Petroleum Institute (API) 1169 Pipeline 
Construction Inspector Certification Program, 
available since November 2014, was developed in 
cooperation with industry experts to establish an 
industry-wide credential for the inspection of onshore 
pipelines. The API 1169 Pipeline Construction 
Inspector examinations are structured in a way that 
they meet both U.S. and Canadian industry 
requirements. API 1169 certification is available to all 
pipeline inspectors, as well as other industry 
personnel. Before applying, please be sure to review the 
qualification requirements of the individual 
certification programs (ICP) at www.api.org. The 
structure of the Associations’ inspector certification 
program is illustrated in the figure below with API 1169 
as a baseline for all inspectors.
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In early 2016, the boards of the Interstate Natural Gas 
Association of America, the INGAA Foundation Inc., the 
Canadian Energy Pipeline Association and the CEPA 
Foundation (Associations) voted to endorse the API 1169 
program and create a goal that all pipeline inspectors doing 
work for their member companies are certified by 2018.
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ith the widespread use of high-
speed separable reciprocating 
compressors throughout the oil 
and natural industry, the Gas 

Machinery Research Council (GMRC) 
has been active in developing better 
guidelines and practices for the specifica-
tion, design and application of this type of 
compression equipment. 

Two documents were developed pre-
viously in multi-year projects. First was 
the GMRC Guideline for High-Speed 
Reciprocating Compressor Packages for 
Natural Gas Storage and Transmission 
Applications, released in October 2013. 
Then in 2015 came the GMRC Guideline 
and Recommended Practice for Control 
of Torsional Vibrations in Direct-Driven 
Separable Reciprocating Compressors. 

These guidelines, which have been well-
received by the industry, focused on large 
compressors used in gas pipeline and stor-
age applications. When the original 2013 
guideline was developed, there was a request 
from several operating companies and com-
pressor packagers to make them applicable 
to upstream, or field gas, compressor pack-
ages or to create separate guidelines for 
compressors in field gas applications. 

Although that was not within the scope 
of the 2013 guideline project, the request 
was raised again by operators and packag-
ers in 2015. At the same time, the Gas 
Compressor Association (GCA) asked for 

New Gas Machinery Research  
Council Guideline Developed

By W. Norm Shade, Consultant & President Emeritus, ACI Services Inc., Cambridge, OH

a better specification document to cover the 
siting and installation of contract compres-
sion (i.e., rental) packages. 

The GMRC responded with a project to 
develop a guideline specifically for field 
gas compressor packages. The contractor 
for both of the earlier guidelines, ACI 
Services Inc., was enlisted to lead the devel-
opment of the new guideline as well.

GMRC, a subsidiary of the Southern 
Gas Association (SGA), is a not-for-prof-
it research corporation founded in 1952. It 
provides member companies and industry 
with the benefits of an applied research and 
technology program directed toward improv-
ing reliability and cost-effectiveness of the 
design, construction and operation of mechan-
ical and fluid systems. GMRC also serves the 
industry through technical training programs 
and conferences, including its annual Gas 
Machinery Conference & Exhibit.

Compression Evolution
Gas compression for natural gas pipelines 

and wellhead applications has continually 
evolved since first emerging in the late 1800s. 
The first gas compressors were heavy, slow-
speed, single-throw horizontal compressors 
that were belt-driven by steam or gas engines. 

In 1899, the first horizontal integral 
reciprocating gas engine compressor was 
introduced on a natural gas pipeline. In the 
1930s, manufacturers introduced angle inte-
gral reciprocating gas engine compressors 

that were comparatively easier to transport 
and install. Over the next four decades, 
larger and larger integral units were intro-
duced, with the largest exceeding 10,000 
horsepower (hp). These conservative, reli-
able and versatile engine compressors, most 
of which operated in the range of 250-330 
rpm, were installed by the thousands as the 
interstate pipeline infrastructure was devel-
oped throughout the country.

In the 1950s, centrifugal compressors 
began to be applied on mainline systems. 
With the development of aircraft derivative 
gas turbines in the 1960s and beyond, gas tur-
bine-driven centrifugal compressors gradually 
displaced large integrals on new pipelines and 
expansions. The manufacture of new integral 
engine compressors ended in the 1990s as the 
U.S. pipeline infrastructure was essentially 
built-out, and gas turbine-driven centrifugal 
compressors filled most expansion needs. 

Extensive expansion of the U.S. pipeline 
infrastructure from the 1940s to the early 
1970s drove a need for more field gas compres-
sors. Manufacturers introduced smaller, higher-
speed integrals, which together with belt-driven 
reciprocating units, temporarily filled the need 
for more portable field gas units. 

Beginning in the late 1950s, high-speed 
gas engines direct-driving separable recip-
rocating compressors, packaged as ready 
to install skidded systems, steadily gained 
acceptance for field gas compression appli-

W
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cations. As technology improved, these 
units increased in rated power and speed. 
By the 1970s, high-speed separable engines 
and matching compressors dominated field 
gas applications. 

In the 1980s, rotary screw compressors, 
which were common in air and refrigeration 
compression, began to be adapted to field 
gas compression applications. These grew 
in acceptance and became common for 
lower pressure field gas applications by the 
mid-1990s.

Upstream Sector
The upstream compression sector applies 

high-speed (up to 1,800 rpm) reciprocating 
and rotary screw compressor packages that 
range from about 50-2,000 horsepower (hp). 
Field gas applications, which include well-
head gas gathering and boosting, gas lift and 
central gas gathering, have a number of char-
acteristics not covered in the 2013 guideline.

These include handling wet gas, dirty 
gas and wider variations in gas composition 
including sour H2S, CO2 and N2 content, as 
well as on-skid fuel gas conditioning, high-
pressure ratios requiring multiple compres-
sion stages with gas intercooling, engine 
accessory end drives for auxiliary equip-
ment, portability, outdoor unenclosed or 
partially enclosed packages and integrated 
enclosures for cold weather applications.

Economics is a major factor that drives 
the behavior of the supply chain. While the 
presence of a number of competent packag-
ers in the industry makes for a competitive 
procurement environment, this is not neces-
sarily an advantage when the procurement 
specification is not sufficient. 

With a continuing and accelerating decline 
in average engineering experience through-
out the industry, many best practices are 
being lost. In addition, more packagers, with 
varying levels of experience and capability, 
serve the upstream reciprocating compressor 
market that demands large quantities of units 
as the shale industry grows. 

Since the advent of the shale boom, 
more aggregate new horsepower has been 
placed in the upstream than in the natu-
ral gas pipeline and storage industry each 
year. Purchasing decisions in muc h of the 
upstream are usually driven by price and 
lead time (availability). Packagers indicate 
they often have better solutions to offer, 
but the lack of adequate industry standards, 
inexperience of end users and the competi-
tive nature of the market make it difficult 
for them to include and charge for improve-
ments that are not specified by end users. 

The field gas market is also characterized 
by the majority of the new compression 
installations being provided by contract com-
pression companies that use standard, flex-
ible packages that may or may not be optimal 

for specific compression applications.

Reciprocating Guidelines
The development of the aforementioned 

GMRC Guidelines filled significant gaps that 
existed in the gas transmission and storage 
sectors. But these and other existing industry 
specifications are of limited value for the pur-
poses of procuring, designing and applying 
high-speed upstream compressor packages. 

Some end users, and especially engineer-
ing companies, specify API 618, which 
is intended for low-speed, hydrogen-rich, 
process gas compressors. It is generally too 
complex; much of it is not applicable to 
high-speed compressors and it lacks enough 
detail in some important areas. 

The former and no longer available API 
11P and ISO 13631 are intended for field gas 
compressors, but lack important guidance in 
many areas. API 11P is obsolete and no longer 
available. ISO 13631, which was last revised 
in 2002, is no longer supported by U.S. com-

panies due to government restrictions on tech-
nology transfer to embargo countries. 

API is considering development of a new 
field gas compressor specification, however the 
development and approval cycle typically takes 
many years. Operators wanted more immediate 
help to meet the rapidly growing demand for 
new packages for oil and gas shale plays.

Responding to that need, GMRC recent-
ly completed development of a new field 
gas compressor package guideline, entitled 
GMRC High-Speed Compressor Package 
Guideline for Field Gas Applications. GMRC 
also completed a significant update of the 
2013 GMRC Guideline for larger (2,000 
hp and above), high-speed (≥700 rpm and 
above) reciprocating compressor packages.

Like the previous guidelines, development 
of the new GMRC High-Speed Compressor 
Package Guideline for Field Gas Applications 
was an extensive collaborative project. 

The research and data collection phase 
involved completion of questionnaires 

Field gas compressor packages are often portable and mounted on gravel or caliche pads 
with no enclosure (top) or just an open-sided enclosure (bottom). 
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by personnel and follow-up interviews at 
nine end-user companies, six rental com-
pression fleet companies, (10 compressor 
packagers, three compressor OEMs, three 
engine OEMs, two air-cooled heat exchang-
er OEMs, two electric motor OEMs, an 
exhaust silencer and catalyst OEM, and 
three engineering/analysis companies. 

In addition, 10 field gas compressor sites 
were inspected, including 35 different high-
speed compressor packages. From this infor-
mation, a long list of problems, solutions, 
preferences and suggested practices were 
documented, serving as the foundation for 
development of the new guideline. An exten-
sive literature search was also conducted to 
evaluate existing material that might be cited 
and referenced in the guideline. 

Along the way, it was decided to include 
considerations that apply to rotary screw com-
pressor packages for the upstream sector. 
This effort was consolidated into an extensive 
report that served as in important reference for 
development of the actual guideline.

 Development of the guideline over the 
past year involved 58 individuals at 41 dif-
ferent companies serving on project work 
teams or involved in providing input or con-
ducting reviews of sections of the guideline. 

Best Practice
The new GMRC High-Speed 

Compressor Package Guideline for Field 
Gas Applications outlines the responsibili-
ties of key stakeholders, schedule develop-
ment and project management. It provides 
extensive tutorial information and recom-
mended practices for request-for-proposal 
(RFP) development, bid evaluation, design, 
fabrication, installation and commissioning.

Separate sections focus on compressor 
selection and specification for both recip-
rocating and rotary screw compressors as 
well as gas engine and electric motor driver 
selection and specification. Sections are 
dedicated to capacity control and automa-
tion design and to cooler selection and 
specification. A section that is especially 
important for field gas applications covers 
gas filtration and separation, including oil 
separators for rotary screw compressors. It 
includes a simplified procedure for prelimi-
nary sizing of package inlet scrubbers.

Another extensive section covers the 
selection and design of appropriate foun-
dations and skids. For field gas packages, 
foundations range from crushed gravel or 
caliche pads to reinforced concrete pads to 
driven piles and screw piles. Selection of 
the appropriate foundation is a critical suc-
cess factor and best practice starts with a 
geotechnical study of the soil and drainage 
present at the proposed compressor package 
installation site. 

Examples of successful specifications 
are provided, along with tutorial infor-
mation. The skid design depends on the 
type of foundation and guidance provides 
a high probability of success. A related 
section covers recommended pulsation and 
vibration analyses and control methods, 
including a checklist of studies and the 
required engineering data. A newly devel-
oped spreadsheet is provided for prelimi-
nary (pre-bid) sizing of pulsation bottles, 
which can be used to make packagers’ bids 
more consistent.

Field gas compressor packages may be 
completely open to the atmosphere, par-
tially enclosed, or completely enclosed 
and protected from harsh environments. To 
cover these widely different scenarios, the 
largest section of the new guideline covers 
pressure vessels, piping and package/build-
ing design and assembly. 

Among the many topics covered are fuel 
gas conditioning, pressure vessel design and 
fabrication, pressure safety valve selection 
and mounting, enclosures, ventilation and 
heating, gas and fire detection, noise control, 
intake and exhaust systems, starting systems, 
coolers, piping, and conduit and wiring. 
A special emphasis is placed on skid and 
building layout to ensure functionality and 
accessibility for operation and maintenance.

An instrumentation and control section 
provides recommendations for three different 
levels of packages, ranging from small, bare-
bones units to mission-critical units. Minimum 
instrumentation and minimum alarm and shut-
down recommendations are provided for gas 
engine and electric motor drivers, reciprocating 
and rotary screw compressors, coolers, scrub-
bers and the balance of the package.

Sections on equipment safety, accessibil-
ity and maintainability and onsite consider-
ations, installation and commissioning were 
developed in close cooperation with member 
GCA companies. They include many best 
practices that apply to contract compression 
units as well as to end user/operator-owned 
packages. Sections on inspection and testing 
and operation and maintenance round out the 
358-page guideline that includes 15 sections, 
plus four extensive appendices.

Both the new GMRC High-Speed 
Compressor Package Guideline for Field 
Gas Applications and the newly updat-
ed GMRC Guideline for High-Speed 
Reciprocating Compressor Packages for 
Natural Gas Storage and Transmission 
Applications are scheduled for formal 
release in early October  at the annual Gas 
Machinery Conference. P&GJ

(The 2017 GMRC conference will be held 
Oct. 1-4 at the David L. Lawrence Convention 
Center in Pittsburgh, PA. For more informa-
tion visit www.southerngas.org).
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chieving an acceptable service life 
without excessive maintenance can 
be a challenge for rotating equipment 
that is used in processing and deliv-

ery of hydrocarbon products. With the latest 
surface coating technologies it is possible to 
offer massive improvements to the expected 
service life of compressors, turbines and 
pumps that are subject to surface oxidation, 
corrosion, erosion and heat damage.

Long-term reliability is a common goal 
for all plant operators, and achieving it 
requires a considered approach that takes 
into account a range of contributory factors 
and makes use of the most appropriate tech-
nology and manpower available. Rotating 
equipment that is in direct contact with the 
process media and under constant attack 
presents a major challenge. But it is possible 
to reduce degradation to a minimum by 
selecting the correct coating system.

Generally, turbines, compressors and 
pumps are all subject to a variety of envi-
ronmental conditions that contribute to cor-
rosion, erosion, fouling and various tem-

perature-related issues. The first step is to 
understand the operating environment of 
the machinery. From there, the sources of 
degradation can be classified and specific 
coating systems can be used to increase 
efficiencies, lengthen the interval between 
scheduled maintenance and reduce occur-
rences of unscheduled maintenance events. 

The flow path of air and fuel through 
a gas turbine, for example, presents sev-
eral different conditions that can adversely 
affect the performance of the turbine. The 
combination of heat, microscopic abrasives 
and a gradually increasing concentration of 
corrosive elements can significantly dam-
age a once-smooth airfoil surface. As the 
surface finish slowly degrades, the efficien-
cy of the compressor and turbine is reduced. 

This process can be arrested in the com-
pressor section of the gas turbine, and the 
surface finish restored, by the application of 
suitable metallic coatings. There is a range 
of options open to suit the specific duty 
of the turbine in question, but all include 
a type of metal deposition where a tough 

Customized 
Protective Coatings 

Extends Life of 
Rotating Equipment

By Travis Cockrell, Component Superintendent, Coating Department, Sulzer, Houston

A

corrosion-resistant surface is created. 
An aluminum base layer is typically 

used in gas turbine compressors for corro-
sion protection of ferritic/martensitic steel 
components in moist conditions. It provides 
galvanic protection, which means small 
scratches to the surface layer are less likely 
to cause corrosion. It is produced by spray-
ing a slurry of aluminum and an inorganic 
binder, rendered insoluble by a medium-
temperature baking process. This layer can 
then be covered by a harder layer that might 
include metals such as chromium. 

The harder layer is usually applied using a 
spray-coating method such as chemical vapor 
deposition (CVD), air plasma spraying (APS), 
low-pressure plasma spraying (LPPS) or high-
velocity oxygen fuel (HVOF) – the selection 
will depend on the coating thickness required 
and the sensitivity of the part to heat as some 
processes are hotter than others. By apply-
ing corrosion-inhibiting and surface-finish 
enhancing coatings to the compressor section, 
it is possible to increase the efficiency and 
extend the service life of the gas turbine. 

Hot Section
Modern gas turbine hot-section compo-

nents are made using nickel- or cobalt-based 
super alloys which are designed to operate 
in high temperatures. However, these alloy 
compositions are less well-suited to providing 
corrosion and oxidation protection and need 
to be supplemented with custom coatings that 
can deliver the hot corrosion and oxidation 
protection required for extended service life. 

The process of oxidation causes a layer of 
metal-oxide to form on the surface, which, 
in general, protects the underlying material. 
Therefore, the oxidation process slows as the 
thickness of the oxide layer increases. This 
process can be replicated with the intentional 
formation of oxides that provide a protective 
layer and prevent further atmospheric attack. 

Corrosion of a gas turbine component usu-
ally occurs in one of two ways. Hot corrosion 
may take place between 1,450-1,650°F, and it 
attacks the entire surface of the component. 
Alternatively, corrosion at cooler tempera-
tures is more localized and tends to create 
distinct layers of oxide and exposed metal. 
Further damage can be caused by erosion 
that involves repetitive mechanical abrasion 
by particles in the airstream. 

Standalone HVOF-applied MCrAlY coat-
ings are sufficient to combat corrosion/oxida-
tion at lower firing temperature gas turbines. 
For newer technology, higher-firing tempera-
ture gas turbines and the combination of a 
MCrAlY bond coat coupled with a ceramic 

Left: Coatings can be tailored to specific 
applications and include an aluminum base 
coat for corrosion protection and a specialist 
non-stick final layer.


