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ABSTRACT 

This technical memo summarizes results for evaluating the year end Go/No-Go decision for the 
“Application of Neutron Imaging and Scattering to Fluid Flow and Fracture in EGS Environments” 
project. The FY15 Go/No-Go decision criteria for the project, as written in the Annual Operating Plan, is: 
 
Demonstrate that neutron imaging flow experiments can be used to validate flow simulation tools (either 
CFD or Volume of Fluids method) that can then be extended to reservoir flow models. Experiments and 
simulations will be performed for a simplified fracture flow scenario, flow between parallel plates, to 
validate technique against accepted modeling approaches. 
 

It is claimed that this end of year decision criteria milestone was successfully met by completing a set of 
relevant neutron imaging experiments that measured flow through engineered fractures, with varying 
surface roughness, along with the development of a Volume of Fluids CFD-based simulation method that 
can be used to calibrate the CFD model to experimental results. This calibrated CFD-based modeling 
approach can then be used to calculate effective properties, in this case permeability, that can be utilized 
in standard reservoir flow models.  

The experimental configuration, results and modeling approach are described in detail in a 2015 Stanford 
Geothermal Workshop paper. Rather than repeating these details, the Stanford paper is appended to this 
memo for reference. This memo instead adds supplemental detail explaining the rationale for selection of 
the experiments performed and their relevance to modeling and simulation approaches related to reservoir 
monitoring. A high level summary of the research results and description of the methodology for utilizing 
experimental results in a modeling framework is also provided in this memo. 

 
 

1. Background 

Extensive work has been performed over the years by many researchers to determine an 
appropriate computational model for flow in fractures (representative work is cited in the 
References section of this document). Reservoir scale simulators typically use simplified models 
of flow, such as Darcy flow, given as  

𝑄 = −
𝑘
𝜇 ∇𝑝 

where Q is the flow rate, k is the permeability, ∇𝑝 is the pressure gradient, and µ is the viscosity 
of the fluid. The Darcy model is used to predict flow rate or pressure drop through a fracture 
network.  
 
Natural fractures tend to have geometric complexities, such as surface roughness, larger scale 
asperity variation, and variation in fracture trajectory such as tortuosity. These naturally present 
features will affect mean velocities through the fracture and must be accounted for in the 
reservoir simulator by using effective or average values for permeability.  They can also create 
the possibility that the flow will transition to a turbulent regime. If the transition occurs, then the 
measurable quantities like pressure drop and /or flow rate could be affected significantly.  
 



 

2 

The experiments undertaken this FY were intended to demonstrate that flow behavior in 
situations where deviations from idealized model geometries occur can be quantified using 
neutron imaging. This research then shows that these measurements can be used as a basis for 
calibrating more comprehensive modeling approaches, such as computational fluid dynamics, 
that are too computationally expensive to implement on a reservoir scale, but can be used as a 
tool to calculate fluid parameters for reduced order models used in reservoir scale simulators. 
The remainder of this section will describe the basis for simple experimental demonstrations that 
can validate this approach.   
 
While arbitrary aperture variation of the fracture faces can be accommodated in our experimental 
configuration, it was decided that initial experiments would focus on simple sample 
configurations to facilitate systematic development of modeling approaches. Flow between 
nominally parallel surfaces represents the simplest experimental scenario. This geometry is easy 
to model and can be more easily correlated to simulation results and studies in the literature. 
 
Generally, it is assumed that flow in fractures is of low Reynolds number and thus laminar. Since 
flow regimes are a function of Reynolds number (Re), target Reynolds numbers were defined for 
experimental measurement in the laminar to turbulent transition region. The Reynolds number is 
defined as  

𝑅𝑒 =
𝜌𝑈𝑏
𝜇  

where ρ is the density, U is the average velocity, and b is the aperture size. In our experiments, 
the desired Re was achieved by controlling the in flow rate (velocity). From the literature, it is 
well-known that transition to turbulence in channels begins for Reynolds numbers anywhere 
between1100 to 1400, depending on inlet conditions. Fully turbulent flow is expected at 2400.  
 
In addition to measuring flow behavior near the transition region, the current research also 
introduced order variation in the form of surface finish to demonstrate the ability of the 
developed experimental technique to measure the associated flow variation. This represents a 
relatively simple departure from the idealized nominally flat plate geometry. Surface roughness 
is generally characterized by the average roughness over the entire surface of a material. 
Recently, there has been research focused on describing roughness with characteristics in 
addition to average roughness, especially for mini-channels and micro-channels. For the 
purposes of the proof-of-concept experiments undertaken, producing in-depth roughness features 
in samples was avoided in order to simplify the modeling component of this research. Therefore, 
the Moody diagram was used as a starting point for specifying roughness values that would 
produce transition flow for particular flow rates.  
 
It is emphasized that the goal of the current study is not to simulate transition flow.  Transition 
flow is very difficult to model and simulate. The desire to produce varying flow regimes for 
identical aperture sizes in this study is to demonstrate that baseline flow in the laminar regime 
can be simulated using a relevant CFD approach while also demonstrating that the developed 
experimental setup can be used to quantify departures from the baseline case. An experimental 
data set with flow field detail can then be used to support the development of simulation tools 
that incorporate transition behaviors and fine tune modeling parameters. 
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Figure1. Moody Diagram 

Based on the Moody diagram given in Figure 1, relative roughness values of ~0, 0.015 and 0.05 
were chosen for experimental purposes. These selections correspond to low, intermediate and 
high levels of roughness on the Moody Diagram with significantly different turbulent Re number 
regimes. Other researchers have examined the effects of surface roughness on transition flow (a 
good summary is presented in Taylor et al). The experimental results provided in Figure 2 below 
are for a rough channel and show a transition from laminar to turbulent flow beginning at a 
Reynolds number of approximately 600. Target experimental flow rates corresponding to Re 
numbers between 600 and 2000 were therefore examined based on the current capabilities of the 
neutron imaging setup. As mentioned earlier, it was expected that flow in this range would 
permit the validation of laminar flow models as well as the experimental demonstration of 
deviations from laminar behavior to affirm the basis of the experimental method as a means of 
quantifying flow behavior.  
 

 
  

Figure 2. Fully developed friction factor vs. Reynolds number, both based on constricted flow hydraulic 
diameter; airflow. Dh,cf = 684 µm, b = 500 µm, bcf = 354 µm, w = 10.03 mm, ε/Dh,cf = 0.1108. (Taylor et al)
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2. Selection of Experimental Parameters 

There are two distinct flow geometries associated with the experimental configuration: the flow 
inlet to the pressure cell through the stem piece and the flow through the sample fracture. The 
former is a pipe geometry while the latter is a channel geometry. For additional explanation on 
the stem piece used, we refer the reader to Appendix A, our Stanford Workshop paper.  The table 
presented below shows calculated Reynolds numbers for the two geometries. The pipe Reynolds 
number reaches the critical Re at a lower system volumetric flow rate than the channel Re 
because the hydraulic diameter of the channel section is considerably larger. In fact, the Pipe Re 
is four times that of the channel Re at the same flow rate. Because the flow in the channel section 
arrives from the pipe inlet, this creates some uncertainty regarding whether or not the entrance 
flow in the channel will be turbulent. There is a transition section in the stem piece designed to 
gradually adjust the flow characteristics to match the two geometries, but there is a limited length 
over which this occurs due to practical limitation of the pressure cell size. An experimental flow 
rate between 0.7 lpm and 1 lpm was therefore selected to produce flow in the expected transition 
region. It is also pointed out that the flow velocities corresponding to this flow rate are at the 
upper limit of the current capabilities of the neutron imaging beam line utilized for the 
experiments. 

Table 1. Flow parameters for stem piece (pipe) and fracture	
  

 
 

Density	
  
[kg/m3] 

 
Diameter	
  

[m] 

 
Pipe	
  Area	
  

[m2] 

Frac.	
  
Perimeter	
  

[m] 

Frac.	
   Area	
  
[m2] 

Frac.	
  
Hyd.	
  

Dia.	
  [m] 

 
2	
  nu	
  [m	
  /s] 

 
Aperture	
  
b	
  [m] 

1000 0.00635 0.00003167	
   0.079375 6.05E-­‐05	
   0.00305	
   9.78E-­‐07 0.0015875 

 
Flow	
  Rate	
  
[L/min] 

Pipe	
  Avg.	
  
Vel.	
  [m/s] 

Frac.	
  Avg.	
  
Vel.	
  [m/s] 

 
Pipe	
  Re 

 
Frac.	
  Re 

 
ε/Dh 

 
ε	
  [m] 

 
ε/b 

0.1 0.0526 0.0276 341.7 85.9 0 0 0 

0.2 0.1053 0.0551 683.4 171.8 0.015 4.57E-­‐05 0.0288 

0.3 0.1579 0.0827 1025.1 257.6 0.05 0.000152 0.096 

0.4 0.2105 0.1102 1366.7 343.5  

0.5 0.2631 0.1378 1708.4 429.4 

0.6 0.3158 0.1653 2050.1 515.3 

0.7 0.3684 0.1929 2391.8 601.1 

0.8 0.4210 0.2204 2733.5 687.0 

0.9 0.4736 0.2480 3075.2 772.9 

1.0 0.5263 0.2755 3416.9 858.8 

1.1 0.5789 0.3031 3758.6 944.6 

1.2 0.6315 0.3307 4100.2 1030.5 

1.4 0.7368 0.3858 4783.6 1202.3 

1.6 0.8420 0.4409 5467.0 1374.0 

1.8 0.9473 0.4960 6150.4 1545.8 

2.0 1.0525 0.5511 6833.7 1717.5 

ε	
  is	
  the	
  roughness	
  height	
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3. Summary of Results 

As stated earlier in this memo, most of the technical detail related to this work is covered in the Stanford 
paper in Appendix A. This includes: the experimental setup, neutron imaging considerations, particle 
image velocimetry approach, Volume of Fluids model description, experimental results and comparison 
of simulation and experimental results. This section will provide a concise summary of the results as they 
related to the end of year Go/No-Go decision milestone for the project. This summary highlights the 
following aspects of the work performed as they relate to the project goal: 1) The ability of the developed 
experimental method to measure flow characteristics relevant to flow through fractures, and 2) The use of 
an advanced computational modeling capability to simulate experimental results for future correlation to 
reduced-order model parameters. 
 
 

3.1 EXPERIMENTAL MEASUREMENT OF FLOW CHARACERISTICS 

 
The velocimetry measurements given in Fig. 6 of the Stanford paper clearly demonstrate the ability of the 
developed technique to quantitatively measure both local flow velocity and direction. As stated in the 
Stanford paper, because the contrast agent has fluid properties that are slightly different from water (e.g. 
specific gravity and viscosity), simulation must be used to correlate the behavior of the tracked bubbles to 
the local flow field. This modeling correlation was successfully demonstrated as will be discussed in the 
next section. It is also pointed out that the experimental setup has undergone significant refinement this 
FY with the development of a needle bubbler injection section that facilitates significantly more 
controlled introduction of contrast agent into the flow stream. This controlled injection minimizes the 
disturbance of the bulk flow field. Future efforts by this group or others can continue to refine the particle 
seeding of the flow by identifying liquid contrast agents more closely matched to bulk fluid properties or 
perhaps developing engineered particles of solid form. 
 
 
The other indication of the value of this experimental method for understanding and measuring flow 
through non-idealized fracture geometries can be seen in Table 1 of the Stanford paper. This imaging 
based measurement method generates a large volume of data related to the flow field. The statistics of the 
measurements provide useful insight into the dominating flow mechanisms. In the case of the 0.825 lpm 
flow data, for example, the standard deviation of the particle velocities was considerably higher for both 
rough samples versus the smooth samples. This likely indicates behavior more representative of flow in 
the laminar to turbulent transition regime as is expected with the earlier onset of this condition for higher 
surface roughness levels. 
 

3.2 SIMULATION OF EXPERIMENTAL RESULTS 

 
The success of simulation efforts to represent flow effects is best seen in Figs. 8 and 9 of the Stanford 
paper. The simulated droplet velocities in Fig. 8, in particular, very closely match the measured values for 
the 0.825 lpm volumetric flow rate for the smooth sample in Table 1. This is considered to be a 
reasonable validation that the correlation of simulation to experimental results is feasible. Figure 8 of the 
Stanford paper also highlights the importance of this correlation because the simulated velocity of the 
centerline velocity without contrast agent is considerably higher than the droplet velocity. Similarly, the 
image views of the contrast agent droplet shape for the simulation and the neutron radiograph are 
reasonably well matched.
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4. CONCLUSION 

 

The work performed in FY 15 was able to successfully demonstrate that particle image velocimetry of 
flow through fractures in a pressure cell using neutron radiography can produce sufficient flow structure 
detail to be correlated to Navier-Stokes based computational fluid models. While further refinement of the 
experimental configuration is recommended, the current setup is able to produce flow field measurements 
of experiments relevant to understanding and predicting flow through fractured media. Volume of Fluids 
simulations of experimental conditions were also performed with good correspondence between 
simulated flow values and measured flow values. These results collectively validate a viable pathway to 
utilize the developed experimental method to directly determine effective property values for reduced-
order models or to calibrate Navier-Stokes based computational fluid models for use as a tool to 
determine effective property values for reduced-order models that can be applied to reservoir scales.
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