
C
orrosion and deposition in boil-
ers, steam turbines and many 
types of process equipment 
are among the most expensive 

causes of outages in utility and in-
dustrial steam plants. Deposits and 
scale buildup on heat transfer sur-
faces reduce efficiency, and when al-
lowed to accumulate on steam tur-
bines, such buildup can reduce the 
megawatt capacity. Corrosion-re-
lated failures can result in outages 
ranging from a few days to several 
months, depending on the affected 
systems, and can potentially cost 
tens of millions of dollars.

To reduce the risk of corrosion 
and deposition in water and steam 
systems, the standard practice is to 
monitor cycle chemistry and control 
impurity levels within industry- 
and manufacturer-recommended 
limits for the equipment. In steam 
plants, the chemical parameters of 
interest include: pH, conductivity, 
sodium, calcium, magnesium, chlo-
ride, sulfate, fluoride, phosphate, 
acetate, formate, propionate, total 
organic carbon (TOC), silica, cop-
per, and dissolved and suspended 
iron (oxides). Typical target concen-
trations are in the range of <1 part 
per billion (ppb) to several parts per 
million (ppm) [1, 2].

Unfortunately, many utility and 

industrial steam plants do not 
have properly designed and oper-
ated sampling systems to monitor 
water and steam chemistry. In fact, 
in water chemistry and corrosion 
control audits, sampling problems 
are found in roughly 70% of all 
plants. As a result, operating deci-
sions are often based on data that 
can have sampling errors as high 
as +/- 1,000%. These errors, as well 
as data inconsistencies and concen-
tration swings in the analytical re-
sults, become commonplace and are 
often ignored by plant personnel, 
preventing the timely identification 
of actual chemistry excursions. This 
article outlines the principles that 
must be considered when designing 
and operating water- and steam-
sampling systems. 

 Sampling system design
To monitor systems for the ingress 
of impurities and for the production 
and transport of corrosion products, 
several cycle streams are sampled 
and analyzed, either continuously 

or periodically. Proper design of the 
sampling systems is critical in order 
to produce samples and analytical 
results that are representative of 
the sampled stream [3–9]. Problems 
with sample withdrawal, transport, 
collection, and handling are often 
major sources of errors that can 
then lead to incorrect or unneces-
sary corrective actions by the op-
erators. A meticulously performed 
chemical analysis is of little value 
if a bad sample is used. As shown 
in the Box on p. TK, there are many 
potential causes of sampling errors, 
some of which can cause analysis 
results to be orders of magnitude 
higher or lower than the actual con-
centration in the process stream.

In high-purity systems, the mea-
sured concentration of impurities in 
many of the process streams is in the 
low parts-per-billion (ppb) range. At 
such low concentrations, the fluid 
being extracted is very sensitive 
to any deposition or chemical reac-
tions within the sampling system. 
The extraction of non-representa-
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Figure 1.  This figure shows an example of a well-designed sampling system for 
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process indicators, as well as safety devices to protect online instruments  
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tive samples can lead to large sam-
pling errors — as high as 1,000% 
[3]. Even in lower-purity systems, 
sampling errors due to improperly 
designed sampling systems can be 
significant. 

A well-designed sampling system 
(Figure 1) consists of an isokinetic 
sampling nozzle (discussed below), 
isolation valves, sample tubing, a 
primary cooler (for steam and high-
temperature liquid samples), a 
secondary sample cooler, pressure-
reduction and total-flow-regulation 
valves, a thermal-shutoff valve (for 
process temperatures above 100ºF), 
back-pressure regulator and sam-
ple drains. Because steam impuri-
ties are easily adsorbed by magne-
tite (Fe3O4), the oxide buildup on 
the inner diameter of the sampling 
nozzle and tubing should be mini-
mized. For this reason, all wetted 
components of the sampling system 
should be made from at least Type 
316 stainless steel, and carbon and 
low-alloy steels should be avoided. 

Deposit buildup in the sample 
lines can result in plugging of the 
sample line or seizing of sample 
isolation valves. Even when not 
directly affecting sample flow, de-
posits in the sampling system can 
affect the sample accuracy. Deposits 
can act as ion exchange media and 
adsorb or release impurities during 
changes in the flow conditions. Even 
the best sampling system design is 
still susceptible to deposition and 
plugging if the cycle chemistry at 
the plant is not maintained within 
industry standards, particularly 
when high concentrations of corro-
sion products (such as iron oxide or 
copper oxide) are present. Lengthy 
sample lines (for instance >100 ft) or 
low sample flowrates (for instance 
< 4 ft/s) increase the probability of 

sample line blockage and can cause 
unacceptable time lags between 
sample collection and analysis. A 
sample flowing at 2 ft/s through 500 
ft of tubing will take over four min-
utes to reach the analyzers. 

Why isokinetic sampling?
Isokinetic sampling is the extraction 
of a representative portion of the 
process stream without altering the 
physical and chemical properties of 
the sample. In isokinetic sampling, 
all phases (solid oxides and precipi-
tates, liquid droplets, and vapor) of 
the sampled fluid enter the sam-
pling nozzle with the same velocity 
vector (meaning the same velocity 
and direction of flow). The main 
reason isokinetic sampling is nec-
essary is that the sampled stream 
is almost always a two-phase fluid 
(gas-liquid, gas-solid, liquid-solid) 
and the second phase typically has 
a very different chemistry composi-
tion than the steam or water [2]. In 
addition, the second phase (droplets 
or particles) typically has a different 
density and inertia compared to the 
primary phase (gas or liquid) and 
therefore would not be proportion-
ally represented in a sample that 
was not withdrawn isokinetically 
(Figure 3). The benefits of isokinetic 
sampling have been verified during 
an EPRI project [3] and through an 
independent analysis [10]. 

Sampling nozzle design
The design of the isokinetic sam-
pling nozzle (Figure 2) is a critical 
part of the sampling system, and 
should be performed prior to the se-
lection of the other sampling system 
components. As noted, if designed 
incorrectly, the sampling nozzle 
could provide a sample that is not 
representative of the conditions in 

the pipe. Proper sampling nozzle 
design must consider the effects of 
flow-and vibration-induced forces 
on the nozzle, as well as the design 
pressure and temperature. 

Prior to 2006, the ASTM Standard 
D1066 “Standard Practice for Sam-
pling Steam” [4] included a multi-
port sampling nozzle which, in its 
most basic form, consisted of a piece 
of pipe with multiple holes in it. The 
sampling pipe extended most or all 
of the way across the process pipe 
and was supposed to simultane-
ously sample from several locations 
across the diameter of the pipe. 
However, research has shown that 
such a multi-port design operates 
non-isokinetically, is prone to plug-
ging, and is susceptible to failure 
due to vibration [3]. 

In many piping applications, the 
flow in the process pipe is fully tur-
bulent.  This results in a uniform 
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Causes of sampling 
system errors 

(in order of priority/impact)

Operators should be mindful of these 
common common sources of sam-
pling errors:

•		Sample	 withdrawal	 —	 Sample	 does	
not (1) represent the stream (due to 
wall	 effects,	 stratification,	 not	 isoki-
netic,	or	mixing	 issues),	and	 (2)	 rep-
resent	all	phases	(solid,	liquid,	gas)

•		Deposition	 in	 the	 sample	 line	 (could	
also result in plugging)

•	Release	 of	 built-up	 deposits	 into	 the	
sample	stream	(leading	to	spikes)
•		High	 pressure	 drop	 leading	 to	 insuf-
ficient	 sample	 flow	 (typically	 due	 to	
long sample lines)

•		Changes	 in	 sample	 flowrate	 (for	 in-
stance,	 sampling	 system	can	 take	up	
to	6	hours	 to	 reach	equilibrium	 from	
the	start	of	sample	flow)

•		High	sample	temperature	(can	lead	to	
pH	and	conductivity	errors)

•		Chemical	reactions	in	sample	lines	or	
coolers	 (reduction	of	oxygen	concen-
tration,	change	in	pH	and	so	on)

•		Corrosion	of	the	sampling	system		may	
lead to generation of corrosion prod-
ucts (as a result of improper materials 
of construction)

•		Filters	in	the	system	interfere	with	de-
sire to sample suspended solids

•		Sorption	 on	 sample	 tubing	 and	 sus-
pended	 oxides	 may	 remove	 a	 por-
tion of the chemical species being  
monitored

Figure 2.  This weld-in style, single-port isokinetic sampling nozzle meeds cur-
rent ASTM standards for sampling water and steam. Flanged connections to the 
process pipe are also acceptable 

Source: Jonas

Jonas



Engineering Practice

4     ChemiCal engineering   www.Che.Com   January 2014

velocity profile across the pipe and 
the stream is well mixed, so the com-
position is uniform across the pipe. 
This makes it unnecessary to sam-
ple at more than one location along 
the pipe diameter. In light of this, 
the Electric Power Research Insti-
tute (EPRI) developed a single port 
sampling nozzle design in the early 
1990s [3]. The EPRI-style isokinetic 
sampling nozzles have a compact 
design, which has the advantage 
of being inserted only about 12% of 
the way into the pipe, compared to 
multi-port nozzles, which must tra-
verse most (if not all) of the diam-
eter of the pipe. In fact, the single-
port EPRI-style nozzle design was 
included in the ASTM standard in 
1996, and in 2006, it became the 
only recommended sampling nozzle 
design included in the standard.

Transport of samples
Almost any fluid will leave or pick 
up some residue, both while flowing 
through a tube and being stored in 
a container. As a result, any chemi-
cal analysis will become biased due 
to the loss or gain of contaminants. 
Several factors contribute to deposi-
tion on the tubing wall, including: 
crystallization resulting from solu-
bility changes, settling due to grav-
ity and hydrodynamic forces, and 
electrostatic attraction of charged 
particles [6].

In any sampling system, there 
will be an exchange of contami-
nants and particulates between the 
flowing sample and the sample line 
surfaces. Eventually, an equilibrium 
state will be reached. Whenever the 
sample is not in equilibrium with 
the surface, the sample composition 
will be changed from its original 
state. In general, the time for new 
sample tubing to reach equilibrium 
decreases with smaller tubing (due 
to decreased surface area) and in-
creased sample velocity. Even when 
a sufficient sample velocity (say, on 
the order of 6 ft/s) is maintained, 
the equilibration process can take 
up to a month. It is for this reason 
that sample streams should flow 
continuously rather than be peri-
odically started and stopped. 

In order to minimize deposition 

in the sample lines and to reduce 
the time required to achieve equi-
librium between impurities in the 
flowing sample and the tubing, the 
sample tubing after the primary 
cooler/condenser should be sized 
so that the sample flow velocity 
is maintained around 5–6 ft/s [3–
8,12]. Several studies have shown 
that both linear velocity and the 
Reynolds Number (Re; a unitless di-
mension that describes the amount 
of fluid turbulence) control the net 
deposition of particulates in sample 
lines [13–17]. Therefore, the sample 
line should be designed to achieve 
both turbulent flow (Re>4,000) and 
proper velocity (5-6 ft/s).

In steam-sampling systems, one 
of the most critical design consider-
ations is the size and length of the 
sample line from the sampling noz-
zle to the primary sample cooler/
condenser. Long and oversized sam-
ple lines produce a significant pres-
sure drop and heat loss from the 
extracted fluid. In general, both the 
temperature and pressure of the 
sample should be maintained right 
up to the primary cooler/condenser 
so that desuperheat and condensa-
tion occur together. To achieve this, 
the sample line should have approx-
imately the same inside diameter as 

the isokinetic sampling nozzle, and 
the primary sample cooler should be 
located as close to the sample point 
as possible (less than 20 ft). 

The total length of sample tub-
ing should be as short as possible 
to limit both the pressure drop and 
the lag time from when the sam-
ple enters the isokinetic sampling 
nozzle to when it reaches the ana-
lyzers. Low sample residence time 
in the tubing is also preferred, to 
limit chemical reactions, such as 
oxygen scavenging and sorption on 
oxides. The sample velocity should 
be maintained as constant as pos-
sible in the interest of maintain-
ing equilibrium between deposition 
and re-entrainment of particles, 
and chemical equilibrium between 
the sample and deposits. In one 
research project [16], it was found 
that it took less than 30 days for a 
newly installed sampling system to 
reach equilibrium when the sample 
was flowing at 6 ft/s, compared to 
several years for a sample flowing 
at 1 ft/s. 

In addition to the effects on sam-
ple purity, the use of larger-diame-
ter tubing can result in an unnec-
essary waste of sample water (and 
additional energy required to heat 
and cool the fluid), require impracti-
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Figure 3.  Shown here is the ideal flow path of particulates and droplets into 
isokinetic and non-isokinetic sampling nozzles. In isokinetic sampling, the extracted 
fluid is representative of the composition in the process pipe, including particles and 
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cal sample-conditioning equipment, 
and place an extra and expensive 
burden on the makeup system. 
Table 1 compares sampling rate, 
Reynolds number, estimated pres-
sure drop, and the annual volume of 
water consumed for several tubing 
sizes with a sample flow velocity of 
5 ft/s. Typically, 1/4-inch tubing with 
a sampling rate of 1,000 to 1,200 
cm3/min (condensed) is sufficient to 
provide for all online analyzers and 
grab sampling while maintaining 
the required flow velocities.

Additional considerations
When designing a sampling sys-
tem such as that shown in Figure 
1, follow these recommended prac-
tices for each of the components dis-
cussed below:
Installation location for the 
sampling nozzle. The preferred 
location is in long, vertical sections 
of pipe, away from all flow distur-
bances (such as bends, valves, and 
so on) [4,6]. Ideally, the sampling 
nozzle should be at least 35 internal 
pipe diameters downstream, and 4 
pipe diameters upstream, of any 
flow disturbances. In many plants 
where space is at a premium, this is 
not possible, so it is recommended 
that the sampling nozzle be located 
where the ratio of its distance from 
the upstream disturbance to down-
stream disturbance is about 9:1. If 
a long vertical section is not avail-
able, the sampling nozzle may be 
installed in a long horizontal sec-
tion, provided the sampling nozzle 
is installed on the top of the pipe be-
tween the “10 o’clock” and “2 o’clock” 
positions to prevent the possibility 
of water accumulating around the 
sampling nozzle during outages.
Isolation valves. These valves 
should be rated for the application 

temperature and pressure, and pro-
vide a minimum change of cross-
section between the inside diameter 
of the isokinetic sampling nozzle 
and the orifice of the valve. Large 
changes in cross-section can result 
in deposition within the valve and 
may eventually lead to seizing of 
the valve, which can become a safety 
issue if the sample line is damaged 
during operation. Valves should be 
made of Type 316 stainless steel or 
a higher alloy. Because valves in 
steam and water service are suscep-
tible to deposition inside the valve 
(particularly for steam service), it 
is recommended to always have two 
isolation valves.
Sample tubing between the isoki-
netic sampling nozzle and pri-
mary cooler. Such tubing should 
be as short as possible (not longer 
than 20 ft for steam systems) in 
order to minimize the pressure drop 
and reduce the possibility of impu-
rity deposition in the sample tubing. 
The inside diameter of this sample 
tubing should be close to the inside 
diameter size of the isokinetic sam-
pling nozzle, to minimize changes in 
cross-sectional area. This normally 
requires ¼- or 3/8-in. tubing for 
liquid water and medium- to high-
pressure steam systems, and 1/2-in. 
tube or 1/2-in. pipe for low-pressure 
steam systems. 

The sample line should include a 
series of bends or a coil to allow for 
any movement or expansion of the 
process pipe. Sharp radius bends 
should be avoided. The tubing 
should be downward sloping along 
the entire length to eliminate any 
sections where condensed steam or 
water can accumulate and result in 
water hammer during startup.
Primary and secondary sample 
coolers. The coolers should have a 

counterflow design and be sized to 
ensure adequate cooling capacity, 
with allowances for reduced heat 
transfer due to scale buildup. The 
cooler tubing should be made from 
Type 316 stainless steel or Inconel. 
Sample tubing after the primary 
sample cooler. This tubing should 
be sloping downward to allow for 
complete draining during outages, 
and have a minimum number of 
bends. It should be sized so that the 
sample flow velocity is 5 to 6 ft/s. 
Pressure-reduction valve. Such a 
valve is used to reduce pressure and 
therefore control the flow of a cooled 
sample in order to protect on-line 
instruments. For samples greater 
than 500 psig, the pressure reducer 
should be a rod-in-tube type orifice 
or capillary [5]. For samples less 
than 500 psig, the pressure reducer 
should be a needle valve. 
Thermal shut-off valve. This valve 
protects personnel and downstream 
components by automatically inter-
rupting sample flow when the sam-
ple temperature reaches a preset 
limit, in the event of an insufficient 
amount or loss of cooling water or a 
fouled sample cooler.
Pressure and temperature  
gages and flow indicator. Such 
devices provide the operator with 
verification that the system is work-
ing properly.
Back-pressure regulator. This 
regulator is used to maintain a 
slight pressure (~ 20 psig) in the 
sample tubing before the grab sam-
ple location. This will ensure proper 
flow to the online, chemical-analysis 
instruments.
In-line sample filters. These fil-
ters should be installed to protect 
on-line instruments during com-
missioning, or any other time when 
high concentrations of corrosion 

Table 1. Reynolds numbeR, sampling RaTe, annual volume, and pRessuRe dRop (Δp) foR waTeR (T = 
100°f) flowing ThRough vaRious sizes of Tubing aT 5 fT/s

outer dia. 
(od), in.

inner dia. 
(id),  in.

wall thick-
ness, in.

Reynolds num-
ber, unitless

Required sampling 
rate, cm3/min 

annual vol., 
gal/yr)

estimated Δp per 
100 ft of tubing, psi

0.250 0.120 0.065 6.8x103 670 93,000 57

0.250 0.152 0.049 8.6x103 1,070 148,000 42

0.375 0.245 0.065 1.4x104 2,780 386,000 24

0.500 0.370 0.065 2.1x104 6,340 879,000 14
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products (iron, copper) are pres-
ent in the sample. They should be 
installed downstream of the grab-
sampling line (as shown in Figure 
1), or must be bypassed when ob-
taining grab samples for iron and 
copper analysis.
Online analyzers. The sample 
flowrate, temperature, and pres-
sure must all be within the instru-
ment manufacturers specifications. 
A chiller may be required in order 
to cool the sample streams to the 
proper temperature. ASTM D5127 
requires that the sample tempera-
ture be 25±1°C when measuring 
pH, and ASTM D5391 requires that 
the sample temperature be con-
trolled to 25±0.2°C when measuring 
conductivity if specialized tempera-
ture compensation is not available. 
Such strict temperature control 
may not be practical; therefore, the 
use of modern pH and conductivity 
analyzers that include temperature 
compensation algorithms may be 
an acceptable alternative.  
Booster pumps. These pumps may 
be required for long sample lines 
(high pressure drop) or low pres-
sure samples (condensate). 

Once all of the sampling compo-
nents are specified, the estimated 
pressure drop through the system 
should be calculated. The pressure 
drop throughout the entire sam-
pling system (including primary and 
secondary coolers, tubing, valves 
and elbows) must be low enough to 
ensure that there is enough pres-
sure to provide adequate flow veloc-
ity (5-6 ft/s) through the tubing to 

the on-line instruments and grab 
sample tap. A high pressure drop 
through the system could result in 
insufficient sample flow at the sam-
ple panel, or the deposition rate in 
steam sample lines could be high, 
which could result in plugging of 
the sample line or a sample that is 
not representative of the conditions 
in the pipe. The design must also 
ensure that the maximum pressure 
recommended by the online instru-
ment makers is not exceeded. 

Commissioning of the system
After the sampling system is in-
stalled, the following tasks should 
be performed to ensure proper op-
eration of all components:
•		Check	all	 sampling	points	 to	 en-

sure proper location and sampling 
nozzle orientation

•		Verify	that	all	sample	tubing	and	
cooling water tubing is properly 
sized for the required flowrate

•		Ensure	all	valves	and	flowmeters	
operate properly

•		Confirm	proper	flowrate	of	cooling	
water to the primary and second-
ary sample coolers

•		Check	 for	 leaks	 along	 entire	
length of sample tubing including 
the sample panel

•		Perform	 startup	 and	 calibration	
of all on-line instruments in ac-
cordance with the OEM’s instruc-
tion manual

•		Verify	that	online	instrument	read-
ings agree with reading on DCS or 
other data recording system, and 
that alarms are working properly

•	Check	sample	flowrates

•		Check	sample	temperatures	after	
both primary and secondary sam-
ple coolers 

•	Check	sample	pressure
•		Ensure	 flowrate	 through	 on-line	

instruments meets manufacturer 
requirement

•		Check	 for	 any	 vibration	 at	 the	
sampling nozzle and along the 
length of the sample tubing.

Operation and maintenance
Once the sampling system is in-
stalled, proper operation and main-
tenance are required to ensure ac-
curate sampling, including: 
Total sampling rate and sam-
pling time. The total sampling 
rate should be governed by the rate 
required for isokinetic sampling, 
which is a function of the sampling 
nozzle design and the process mass 
flow rate. Even if this sampling rate 
exceeds the requirements of on-
line analyzers, the total sampling 
rate should be maintained by rout-
ing excess flow either through the 
grab-sample location to drain or the 
condenser hotwell. For high-purity 
systems, it can take up to six hours 
of isokinetic sample flow to stabiliz 
the sample chemistry. This time can 
be shorter for lower-purity systems, 
but for all sampling systems, con-
tinuous flow is preferred. 
Grab samples. There are many 
opportunities for the grab sample 
to degrade during collection and 
storage. This is especially critical 
in samples for pH, conductivity, dis-
solved oxygen, and hydrazine analy-
sis. Special preparation of grab sam-
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ples and/or sample containers may 
be required, depending upon the 
type of analysis being performed. In 
some cases, chemicals are added to 
the container before the sample is 
added to prevent sample degrada-
tion (for instance, samples used for 
the analysis of iron or copper). 

Also, collection methods for sam-
ples to be analyzed for pH, conduc-
tivity, dissolved oxygen, ammonia, 
hydrazine, or organics must exclude 
any contact between the sample 
and the air. Storage methods and 
holding times of samples from col-
lection to analysis require special 
consideration to avoid degradation 
of samples. 
Calibration and maintenance. 
These steps should be routinely per-
formed on all on-line instruments 
per the manufacturers’ recommen-
dations. Improperly calibrated and 
maintained instruments will result 
in inaccurate measurements, negat-

ing all of engineering efforts to ob-
tain representative samples.
Maintaining clean coolers. Pe-
riodic cleaning of the cooling water 
side of the coolers may be required, 
again to maintain proper heat 
transfer and sample temperature. 
The frequency of cleaning depends 
upon the scaling properties of the 
water used for cooling.
Sample tube cleaning. All sam-
ple tubing should be periodically 
cleaned by flushing or acid clean-
ing, or it should be replaced. The 
frequency of cleaning depends on 
the amount of impurities in the 
sample streams. One “quick and 
dirty” method to test the cleanli-
ness of the sample line is to shut off 
the sample flow at the sample panel 
and then quickly turn on the flow to 
the maximum sampling rate. If the 
sample is brown or black, there are 
deposits in the sampling system.
Maintain safety. The sampling 

nozzle, attachment to the process 
pipe, valves, and all welds should be 
periodically inspected for evidence 
of cracking and other forms of dam-
age. For sampling wet steam and 
water, the section of process pip-
ing immediately downstream of the 
sampling nozzle should be periodi-
cally inspected for thinning by flow-
accelerated corrosion, for installa-
tions sampling liquid water should 
be checked for cavitation. n
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