








 

3.1 

3.0 Generation of Chemical Plugs in Pipe Sections 

Three types of chemical plugs (NAS, NAP, and NAS) that were tested on bench-scale (Table 2.5) 
were prepared in pipe sections (3 inches in diameter and 4 feet long) and aged in a vertical position for 
about 6 months. The compounds used in formulating these gels are listed in Table 2.6. A sufficient 
volume of each gel was prepared in single batches to fill the respective pipe sections completely. Each 
batch was mixed thoroughly until the gels were appeared homogeneous (Figure 3.1). The pipe section 
used for chemical gel plugging was approximately 47 5/8 inches long with an internal diameter of 
approximately 3 inches (Figure 3.2). The bottom ends of the pipe sections were tightly capped, and each 
gel was poured or scooped into appropriately labeled pipes until full and then capped and stored overnight 
to allow the gels to solidify. The next day, the top caps were opened, and digital pictures were taken to 
document the morphology of the fresh gels. After refastening the top caps, all three chemical plugs were 
stored in a vertical position until needed for further testing. 

 

 
Figure 3.1. Freshly Prepared NAP Gel (left) and a Typical Pipe Spool (right). 

3.1 Morphology of Fresh and Aged Chemical Plugs 

The pipe sections with chemical plugs were stored at ambient temperature to age for approximately 
6 months. To document the morphologies of the aged gel, the top cap of each pipe section was removed, 
and digital photographs were taken and compared with photographs of the same gel surfaces when fresh. 



 

3.2 

 
Figure 3.2. The Morphology of the NAH Chemical Plug Freshly Prepared (left) and After Aging for 

About 6 Months (right) 

The morphologies of the fresh and aged gel surfaces are shown in Figures 3.2–3.4. No significant 
differences in either color or surface morphology were detected between any of the fresh and aged gels. 
However, a closer examination of the aged NAS gel plug revealed the growth of small, transparent 
glistening crystals covering the entire surface (Figure 3.3, right). A similar growth of crystals was not 
observed on the surfaces of aged NAH and NAP chemical plugs. Because the simulants used in 
generating these chemical plugs contained high concentrations of sodium and nitrate, it is likely that the 
diminutive crystals growing on the surface of the aged NAS gel consisted of nitratine (NaNO3). 

 
Figure 3.3. The Morphology of the NAS Chemical Plug Freshly Prepared (left) and After Aging for 

About 6 Months (right) 
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Figure 3.4. The Morphology of the NAP Chemical Plug Freshly Prepared (left) and After Aging for 

About 6 Months (right) 

3.2 Chemical Plug Extrusion Test 

The objective of this test was to qualitatively ascertain the effort required to extrude the aged 
chemical plugs from the pipe sections and to obtain representative samples of the gel for XRD analysis. 

The chemical plugs were extruded using a 25-ton capacity manual press (Figure 3.5) equipped with a 
piston extendable up to ~7 inches. A close-fitting 3-inch-diameter machined steel puck was used at the 
end of the ram to evenly distribute the applied force to the surface of the chemical plug. A mounting 
collar was designed so that there was sufficient clearance (~4– 6 inches) at the bottom of the pipe to 
collect the extruded chemical plug sections. Approximately 2-inch-diameter steel pipe sections ranging in 
length from 1 to 3.5 feet were used as needed to extend the reach of the piston to completely extrude all 
three chemical plugs. 

Each pipe section containing aged chemical plug was mounted in turn on the press, and after the top 
and then bottom caps were removed, extrusion began by manually activating the press. Because the 
SCN 070 required only qualitative observations, the approximate pressure at which the extrusion began 
was noted from reading the pressure gauge connected to the hydraulic press. As extrusion proceeded, the 
extruded chemical plug sections were collected and samples were obtained for XRD analysis. A pocket 
penetrometer was used to determine the approximate unconfined compressive strength (UCS) of the 
extruded aged chemical plug sections, and these measurements were used to compute the shear strength 
of the gels. 

The first chemical plug to be extruded (NAS) required approximately <150 psi pressure to initiate the 
process indicating that the plug was very cohesive and had adhered strongly to the pipe surface. The 
extruded chemical plug sections were firm and held their shape during handling (Figure 3.6). During 
sampling of the chemical plug sections, it appeared that the densities of sections from the bottom of the pipe 
were relatively higher compared to the extruded sections from the middle and top part of the pipe spool. 

These observations were qualitatively confirmed from the calculated shear strength of the extruded 
plug sections (Table 3.1). The shear strengths of plug sections extruded from the bottom of the pipe were 
greater than about 15 kPa, whereas the shear strengths of plug sections in the upper and middle part of the 
pipe ranged from approximately 9 to 13 kPa. 
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Figure 3.5.  Hydraulic Press Set up for Extruding Aged Chemical Plugs 

 
Figure 3.6.  A View of the Initial Extruded Section of the NAS Chemical Plug 
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Table 3.1.  Calculated Shear Strength for Extruded Sections of Aged Chemical Plugs 

Chemical Plug Type 
NAS NAP NAH 

Relative 
Plug 

Position kPa 
Top  ~12 - - 
 ~9 - - 
 ~10 - - 
Middle  ~11 - ~2 
 ~9 - ~4 
 ~13 - - 
Bottom  ~>15 - ~6 
 ~>15 - ~2 

Displacement of the NAP plug required less than 150 psi pressure. About 7 inches of piston travel 
was observed before the plug began to extrude from the bottom of the pipe indicating that the aged NAP 
chemical plug was very compressible (~15% on volume basis). Additionally, it was observed that the 
extruded sections of the plug began slumping, which increased progressively with elapsed time 
(Figure 3.7). After a few days of storage, the extruded NAP plug sections had completely lost their shape 
and were too pliable for conducting any UCS measurements using the pocket penetrometer. 

Minimal force (too low to register on the gauge) was required to start the extrusion of the NAH plug 
indicating that the material did not exhibit any significant adhesion for pipe surfaces. The extruded plug 
sections, although cohesive, were manually disaggregated during sampling for XRD analysis (Figure 3.8).  
The extruded sections were firm and held their shape well during subsequent storage. Compared to the 
NAS plug, the NAH plug sections had relatively lower shear strength values that ranged from ~2 to 
~6 kPa. 

 
Figure 3.7.  Extruded Sections of Aged NAP Chemical Plug 
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Figure 3.8.  Extruded Sections of Aged NAH Chemical Plug 

3.3 X-Ray Diffraction Analysis 

The samples obtained from aged and extruded chemical plug samples were analyzed by XRD. 
Five samples from the top, top-mid, mid, mid-bottom, and bottom parts of the extruded chemical plug 
were collected for analysis. The XRD apparatus used was a Philips X'Pert MPD system (Model 
PW3040/00) with a Cu X-ray source operated at 45 kV, 45 mA (1.8 kW). The scan range was 5°-70°, 2θ 
and the typical scan rate was ~2°/min. The XRD data were analyzed using the program JADE (V5.0, 
V6.0, and V6.1, Materials Data Inc., Livermore, CA) and reference data from the Powder Diffraction File 
Database (PDF-2, International Centre for Diffraction Data, Newtown Square, PA). 

All samples obtained from the extruded NAS chemical plug upon XRD analysis indicated the 
presence of significant amounts of nitratine (sodium nitrate) (Figures 3.9–3.13).  No crystalline sodium 
alumino-silicates phases such as zeolite A, cancrinite, and sodalite were detected in any of the samples 
obtained from the NAS plug1. Therefore, the bulk of the mass in the NAS plug appeared to be in an 
amorphous (lack of long range order of the elemental components) state even after 6 months of aging.  

                                                      
1 In samples from top and mid section (Figures 3.9 and 3.11) a single “peak” centered at ~26.5 ° 2θ was detected.  
Due to the absence of any additional (hkl) diffraction peaks that could be assigned to  a crystalline component with a 
“peak” at ~26.5 ° 2θ , and also the absence of this “peak” in any of the other NAS sample diffraction spectra, it was 
concluded that this “peak” is likely to be an  electronic spike in the X-ray diffraction detector.   
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Figure 3.9.  XRD of Aged NAS Gel Plug from the Top Section of the Extruded Core 
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Figure 3.10.  XRD of Aged NAS Gel Plug from the Top-Mid Section of the Extruded Core 
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Figure 3.11.  XRD of Aged NAS Gel Plug from the Mid-Section of the Extruded Core 
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Figure 3.12.  XRD of Aged NAS Gel Plug from the Mid-Bottom Section of the Extruded Core 
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Figure 3.13.  XRD of Aged NAS Gel Plug from the Bottom Section of the Extruded Core. 

The XRD analysis of the NAP plug sections indicated trace amounts of nitratine in top and top mid 
sections whereas, the mid and bottom sections contained moderate amounts of crystalline nitratine  
(Figures 3.14–3.18).  No other crystalline phases were present in detectable quantities thus suggesting that 
the bulk of the gel mass was still in an amorphous state.  

The results of the XRD analysis of the NAH plug samples showed that nitratine was present in trace 
amounts (Figures 3.19–3.23).  No crystalline aluminum hydroxide polymorphic phases were detected in 
any of the samples indicating that even after aging for approximately 6 months, the bulk of the gel mass 
had remained mainly in an amorphous state. 

The XRD data for extruded sections of each chemical plug indicated variations in the relative 
amounts of nitratine present in the samples (Figures 3.9 –3.23).  To assess qualitatively the relative 
distribution of nitratine, the intensities of the strongest diffraction peak located at ~29.5 ± 0.1° 2θ that 
corresponds to the d-spacing of ~3.03 ± 0.01 Ǻ (represented by the first order diffraction from (104) set of 
crystallographic planes of nitratine) was graphed (Figure 3.24). 

The relative intensity data indicated that among the three gels, the NAS gel had the highest nitratine 
content.  Also, the nitratine was unevenly distributed in various sample sections with top and mid sections 
containing ~40% more crystalline mass than the samples from the other three NAS sections.  These XRD 
data showing relative enrichment of nitratine in the top section of the gel sample (Figure 3.24) is 
supported by the visual observations that showed extensive growth of nitratine crystals on the top surface 
of the gel (Figure 3.3). 
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Figure 3.14.  XRD of Aged NAP Gel Plug from the Top Section of the Extruded Core. 
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Figure 3.15.  XRD of Aged NAP Gel Plug from the Top-Mid Section of the Extruded Core 
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Figure 3.16.  XRD of Aged NAP Gel Plug from the Mid-Section of the Extruded Core 
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Figure 3.17.  XRD of Aged NAP Gel Plug from the Mid-Bottom Section of the Extruded Core 
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Figure 3.18.  XRD of Aged NAP Gel Plug from the Bottom Section of the Extruded Core 
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Figure 3.19.  XRD of Aged NAH Gel Plug from the Top-Section of the Extruded Core 
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Figure 3.20.  XRD of Aged NAH Gel Plug from the Top-Mid Section of the Extruded Core 
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Figure 3.21.  XRD of Aged NAH Gel Plug from the Mid-Section of the Extruded Core 
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Figure 3.22.  XRD of Aged NAH Gel Plug from the Mid-Bottom Section of the Extruded Core 
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Figure 3.23.  XRD of Aged NAH Gel Plug from the Bottom Section of the Extruded Core 
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Figure 3.24.  Relative Distribution of Nitratine in Extruded Chemical Plug Samples 

Comparatively, NAP gel on average contained noticeably less nitratine than the NAS gel 
(Figure 3.24).  Significant differences were also noted in nitratine distribution among samples from 
different sections of the extruded gel.  Top two sections of the gel NAP gel core contained relatively trace 
amounts of nitratine whereas, the other three sections appeared to be significantly enriched with this 
crystalline component.   As compared to the top two sections, the middle-bottom section contained about 
6 times more crystalline material whereas, the middle and bottom sections contained on average, ~20 – 
25 times more nitratine than the in the top two sections.  The relatively significant enrichment of nitratine 
in the bottom sections of the NAP core seemed to be the result of excess sodium nitrate rich-electrolyte 
draining through the relatively porous gel mass, accumulating, and later crystallizing during the 6 month 
long storage1.  The porous nature of the NAP gel mass was apparent during the extrusion process in 
which the material was compressed ~15% by volume when the gel core began to extrude (See Section 
3.2). 

The NAH gel core sections contained only trace amounts of nitratine crystals as compared to the 
other two chemical plugs (Figure 3.24).  Among the NAH core sections, the top-mid section had the most 
accumulation of nitratine with relative amounts gradually tapering off in the three bottom sections.  The 
relative concentration profile of nitratine in the NAH core sections indicated perhaps because of the 
relative compactness of the gel material (See Section 3.2), the percolation of the sodium nitrate bearing 
electrolyte may have been comparatively slower in NAH gel core than in more porous NAP material.  

3.4 Conclusions 
• For aged (~ 6 months) NAP and NAH plugs, no significant differences in either color or surface 

morphology were detected between the fresh and aged gels. Compared to the fresh gel, the aged NAS 
gel surface was entirely covered with small transparent glistening crystals likely to be nitratine. 

                                                      
1 The gel filled pipe sections were stored in vertical position under ambient conditions (Figure 3.1) 
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• The aged NAS and NAP gel plugs required <150 psi pressure to initiate the extrusion from the pipe 
sections, whereas, the NAH plug required a minimal pressure to start the extrusion process. 

• The shear strengths of NAS plug sections extruded from the bottom of the pipe were greater than 
about 15 kPa, whereas the shear strengths of plug sections in the upper and middle part of the pipe 
ranged from approximately 9 to 13 kPa. The NAH plug sections had relatively lower shear strength 
values that ranged from ~2 to ~6 kPa, and the NAP plug sections were too pliable for UCS 
measurements with a pocket penetrometer.  

• X-ray diffraction data indicated that the sections of the aged NAS plug contained nitratine as the only 
crystalline component.  The bulk of the aged gel mass consisted of amorphous material. 

• The bulk of the aged NAP plug consisted of amorphous material with nitratine as the only crystalline 
component. 

• No crystalline aluminum hydroxide polymorphic phases were detected in any of the samples from the 
aged NAH plug; therefore, the bulk of the gel mass consisted of mainly amorphous material admixed 
with nitratine as the crystalline component. 

• The data generated from the three types of aged chemical plugs are based on selected Hanford tank 
waste stimulant compositions. Therefore, these data will be useful only if these stimulant 
compositions are similar to the expected WTP process stream compositions (which are blends from 
multiple tanks). 
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