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ABSTRACT 

 
An ECU team designed, built, and is testing a pilot-scale supercritical water desalination (SWD) system 

that processed brine discharge from conventional desalination systems. The system completely separates 

the solid salts from brine wastes. However, SWD is energy intensive. This work presents the design and 

testing of two heat exchangers (HEXs) used to recover and reuse the waste heat produced during the SWD 

process to minimize the overall energy requirement. The HEXs have been instrumented with temperature, 

pressure and flow control components. The collected data is then used to estimate dimensionless numbers 

(such as Prandtl, Reynolds and Nusselt) using thermophysical properties from the NIST REFPROP 

database. The dimensionless numbers are useful for HEXs design and are scarce in the literature for 

supercritical fluids. Brine was also used as a cooling fluid to simulate three different concentrations (3.5%, 

7.5% and 14%) of salt which simulate sea water and double the brine waste discharge concentration from 

conventional desalination processes. The dimensionless numbers are then used to calculate the convective 

heat transfer coefficients, thermal resistance, and the overall heat transfer coefficient (OHTC). The results 

show that the Nusselt number for a supercritical HEX in laminar flow conditions is 20 to 30 times greater 

than that of a conventional counterpart which translates to an order of magnitude higher rate of heat transfer. 

The heat recovery system saves significant energy with a payback period of around 5 years. 
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BACKGROUND 

 A team from East Carolina University (ECU) was awarded a $1.4 million grant through the 

University of North Carolina (UNC) Research Opportunities Initiative (ROI) energy conservation project.  

A portion of the process diagram and high level project scope is shown in Figure 1. This grant is intended 

to fund the development of a sustainable desalination system. The project is broken up into different areas 

of research. One group is developing and designing a wave energy converter and simulations that turns 

wave motion into energy [1], [2]. Another group is designing a solar collector to power the desalination 

system [3]. 

 

Figure 1: Scope of Wave-to-Water project.  

This desalination system operates by feeding brine and saltwater to a reaction vessel of extremely high 

temperature and pressure. The processed water is then pumped out of the vessel, which still holds heat that 



2 

 

needs to be cooled down for use. The goal is to recover some of the waste heat with a heat exchanger 

network (HEN); recycling the energy through this process will reduce wasted energy.  

To increase the efficiency of the system, lost heat needs to be reduced through heat recovery 

methods. The first law of thermodynamics is defined as the conservation of energy. It states that the total 

energy contained in a system can neither be created nor destroyed – only transformed from one form to 

another [4], [5].  

The necessity for the HEN will be determined through thermal calculations and cost effectiveness. 

Cost-effectiveness will be determined through upscaling size calculations based on the mass flow rate of 

the system. There are opportunities to add heat exchangers (HEs) to the process to recover heat and increase 

efficiency. The system is a continuous process, and operating for long periods of time causes the energy 

losses to add up. Insulated HEs can save money and are traditionally insulated with rock wool, fiberglass 

and aluminum reflective tapes.  

 

PROPERTIES OF SUPERCRITICAL FLUIDS 

Some materials, gases and elements possess what is known as a critical point. The critical point 

marks on the phase diagram for this material are where the thermophysical properties of the fluid change. 

Table 1 shows the critical temperature, critical pressure, and density of the associated material. 

Table 1: Critical Pressure, Critical Temperature and Density Example Table 

 
 

The National Aeronautical Space Administration (NASA) directed an experiment that took place 

on the International Space Station (ISS) where supercritical water was formed in space using one of the ISS 
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rack mount modular experiment systems. The purpose of this experiment was to see what supercritical 

water looked like in zero gravity conditions.  

Water or H2O is a bi-polar molecule made of 1 oxygen atom and 2 hydrogen atoms. The hydrogen 

atoms are angled 104.5 degrees apart. Oxygen is 292 picometers round. The hydrogen is 212 Picometers 

Round. Sodium chloride is the most common salt found in sea water [6].  

       
Figure 2: 1 H2O Molecule     Figure 3: 1 NaCl Molecule 

 

Supercritical CO2 acts as a solvent and can be used to extract oils from grape seeds [7]. A CO2 

molecule is straight with 1 carbon atom in the middle and two oxygen atoms on each side. When water is 

heated and pressurized past the critical temperature and pressure the dielectric constant drops close to the 

same value of CO2 and other hydrocarbons as shown in National Institute of Standards and Technology 

Reference Properties Database (NIST-REFPROP or REFPROP). It is at this point where the salt dissolved 

in the brine desalinates, because the water no longer has the capacity to ionic attract the sodium and chlorine 

atoms to the water molecule.  A note-to-scale (NTS) phase diagram of H2O is shown in Figure 4.  

 
Figure 4: Phase Diagram of water showing super-critical region past the critical point (NTS) 
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The supercritical region is past the critical point. In the supercritical region the fluid acts as a gas 

and a liquid, it is a region of mixed properties. The area near the critical point is considered the anomalous 

zone of some fluids, water is one of those fluids [8]. In this region the properties change which allows the 

dissolved salt to precipitate out of the fluid, which is what makes supercritical desalination possible.  

 

 

RESEARCH QUESTIONS 

• Can a simple cost-effective heat exchanger be constructed with commercial off the shelf (COTS) 

parts and reduce the energy requirement for a supercritical water desalination (SCWD) system?  

• Are the values of the dimensionless numbers in the empirical equations that are used to design 

conventional heat exchangers applicable for supercritical processes?  

 

SIGNIFICANCE TO THE FIELD 

The problem with SCWD-ZLD is that it consumes large quantities of energy to heat up the 

preheater furnace, power the chiller and power the main reactor [9], [10]. If a system that has a flow rate of 

10 ml/min is scaled up to 100 ml/min a second or third reactor is required, and the preheater furnace must 

increase in size as well as the chiller to accommodate the increase in the required heat to perform the process 

operation. These added larger pieces of equipment consume even more power to sustain an output of 100 

ml/min. The HEX design presented can be scaled in size as well to accommodate larger flow rates. Heat 

exchangers have been designed and used for SCWD-ZLD in the past using special manufacturing methods. 

The HEX set produced for this study was designed using commercial off the shelf components, such that 

the components can be assembled using basic, simple hand tools in a region where electrical power and 

resources are limited.  

SCWD-ZLD technology is relatively new; currently there are very few systems on global records. 

One system is in the Netherlands and the other is located at East Carolina University. A HE has been 

fabricated and tested in the system located in the Netherlands. East Carolina University’s HEN design is 
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currently under development. Pinch technology for HEN design has been around since the 1970's and has 

been applied to many different processes. The Netherlands' team may have applied pinch technology.  

 

LITERATURE REVIEW 

This chapter will discuss the current state of knowledge in the field. The literature review is broken 

into different sections based on the topic of discussion. The work that comprises this design and experiment 

can be broken up into different categories. The fields of desalination, heat transfer, and mechanics of 

materials all need to be considered in HE designs.  

 

DESALINATION 

 

The water stress is increasing and will affect more than 3.7 billion people. It is expected that this 

will increase to 5.7 billion by 2050. At the current rate 3.5 million people die annually due to water supply 

problems. This article is from 2019 Ahmed, et al [11]. 

This article begins by agreeing with the idea that water scarcity is a challenge that will face the 

world. It also agrees with assertion that Reverse Osmosis leads the market in desalination technologies is 

also agreed to.  

Different styles of Reverse Osmosis membranes are listed, including plate and frame, tubular, spiral 

wound, and hollow fiber types [12]. Of the world’s water 50% of the water desalinated is produced using 

RO systems. Different types of RO plants are listed such as brackish water RO (BWRO) and sea water RO 

(SWRO) plants. The salinity of BWRO is 500 mg/L to 10,000 mg/L and the salinity of SWRO is 30,000 

mg/L. The Osmotic pressure section shows Van’t Hoff Equation.  

Details about RO desalination follows. Retentate is what is retained in the membrane and permeate 

is the portion of material that passes through the membrane. Energy supplied by the high-pressure pump 

leaves the RO system in the concentrate stream, this energy can be recovered by rotary devices. Energy can 

be recovered by devices like the Francis turbine Pelton turbines and turbochargers. Materials used for 

recovery devise can be made from 316-L stainless steel, 904L duplex SS 245 SMO super Austenitic 
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stainless steel or SAF 2507 Super Duplex stainless steels. PVC can also be used for low pressure 

applications. Compared to other desalination methods RO has the lowest energy demand and lowest unit 

water cost. The cost has decreased from $2/m3 to $0.5/m3 from 1998 to 2004. The ability to reject salt has 

increased reaching as high as 99.8% in commercially available membranes. Energy efficiency of RO 

systems has also increased. A water cost breakdown graph is provided for BWRO and SWRO systems. 

  Powering an RO system with renewable energy systems such as solar cells, a solar Rankine cycle, 

wind energy, and wave energy is discussed.  

Able, shows the solubility of various salts at 25 MPa. The salts shown are NaCl, KCl, CaCl2, CaSo4, 

and Na2SO4. The dielectric constant of water near the critical point is shown. The critical pressure of NaCl-

H2O is shown in a temperature pressure graph. Figure 4 is from Dreisner showing concentration of NaCl, 

at high pressures and temperatures of 375℃ and 500 ℃. Able, uses ELECNRTL in the ASPEN model. Able 

included the cost of labor from the Bureau of Labor Statistics for economic analysis. The type of 

thermocouples used were Type-E from Omega Engineering.  

This journal article discusses applying supercritical water desalination processes to hypersaline 

brines produced by oil and gas wells Chad M. Able. (2018) [9]. This study was conducted in Ohio. Other 

ions such as Ba2+ and Sr2+ are both naturally occurring radioactive materials that can make desalination 

difficult and costly. Nanofiltration and Reverse Osmosis (RO) are increasing in interest due to reported high 

recovery rates, but the concentrations are limited to 50mg/L. Supercritical water desalination (SCWD) is 

increasingly interesting as it can overcome the difficulties associated with RO such as osmotic pressure 

problems. SCWD is also good at removing organic wastes, as similar conditions are found in supercritical 

water oxidation SCWO [9]. 

A table shows the cations and anions found in the water, this data comes from the USGS database. 

Hastelloy C-276 was used to build the desalination system in this study because it is highly corrosion 

resistant. The desalination system was at 230 and 250 bars of pressure. An Inductively Coupled Plasma 

Optical Emission Spectrometer (ICPOES), model iCAP 6000 manufactured by Thermo Scientific was used 

to find the cation concentrations.  
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Able uses Dresner’s equation to correlate the binary mix of NaCl-H2O. A table providing pressures, 

temperatures, flow rates and ppm of NaCl is shown. The method used was Joule-heating which is also 

known as resistive heating or Ohmic heating. Aspen Plus software was used to model the desalination 

process using ELECNRTL and Flash 2 models. Results show that the pressures of 230 and 250 bar did not 

change the composition of what the flash simulation produced.  

Chad M. Able. (2020) [13] This paper simulated a SCWD process in Aspen Plus using the 

ELECNRTL model to estimate the thermodynamic performance of the fluids. The ELECNRTL has an error 

when used to simulate brines past the water’s critical point. Chad then incorporated simulation data from 

Ogden using FORTRAN. The inlet brine salinity is 176.3 g/L. The composition of the TDS is listed in a 

table. This process involves chemical pretreatment, sand filtration, and UV systems, these remove bacteria 

and solids. Hydro cyclones are used to remove SrSO4, Mg(OH)2 and CaCO3, these chemicals cause 

equipment scaling. One HEX is used in the ZLD case and two are used for heat recovery in the brine 

concentration case in this journal paper. The HEXs are made from Hastelloy C-276. In the simulation the 

FORTRAN code was used to calculate the brine heat of vaporization. Non-hazardous salts include chloride 

and hydroxide. Sodium and potassium salts can also be sold as products once extracted. The brine 

concentration method costs less than the ZLD process. 

Van Wyk, et al, states In Analysis of the energy consumption of supercritical water desalination 

(SCWD), global desalinated water production is 95.4 million m3/day [14]. Brine production is 141.5 million 

m3/day, and 50% of brine plants are located near the ocean and dump their waste brine back into the ocean. 

This threatens marine life and ecosystems. The SCWD process pilot plant developed will process this brine 

waste. This plant produces a zero liquid discharge (ZLD), or the waste is salt in the solid form. The system 

has an estimated energy consumption of 0.71 to 0.90 MJth/kg feed. Reference 18 of this paper estimated 

thermal energy requirement to be 450 MJth/m3 of drinking water for brine of 3.5wt% NaCl feed.  Increasing 

the NaCl concentration from 0-7% increases performance of the heat exchanger. The energy consumption 

is a function of NaCl concentrated in the water ranging from 0 to 20%. Increasing the NaCl feed 

concentration up to 7.5 wt% increases the outlet temperature by 7°C from 390°C. Pre-heating of the feed 
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for concentrations above 14 wt% before the heat exchanger is recommended because when the wt% 

increases. (This drives the need for a HEN). Aspen plus was used using the Electrolyte non-random two 

liquids (eNRTL) model. Supercritical conditions are greater than 374°C and 22.1 MPa. Figure 5 on page 5 

shows a Composite Curve Graph (CCG) from pinch analysis. These graphs show the pinch point at 391°C 

and 397°C from pure water to 7.0 wt% NaCl feed respectively. This group only uses 1 heat exchanger for 

this. A network of heat exchangers may increase the thermal energy recovered. In section 5.2 it is stated 

that 14wt% brine is produced by the mining and dairy industry. Pre heating the feed before the heat 

exchanger shifted the pinch point to a higher temperature region. Increasing the pressure increases the NaCl 

Concentration of the SCW stream and decreases the SCW recovery. Dr. Andrzej Anderko offered to share 

his original FORTRAN code to aid in some of these calculations in the paper.  

A SCWD pilot plant that feeds 5 kg/h has been produced in Design and results of a first-generation 

pilot plant for supercritical water desalination (SCWD) [15]. The feed stream is 3.5wt% NaCl. This study 

was conducted to evaluate the repeatability and stability of the setup [15]. The sides of the heat exchanger 

can be switched. This study made the annulus the hot side, while the tube core was the cold side.  Results 

for 3.0, 7.0 and 16 wt% were evaluated and shown in a table.  Incoloy 825 was selected for the gravity 

separator, cyclone, cyclone collector and salt collector respectively. Titanium Grade 2 was used for the heat 

exchanger. The valve is made from a chromium-nickel based alloy, a creep resisting austenitic steel. The 

HEX design for this pilot plant had hot fluid in the shell and cooling fluid in the center. The temperature 

was measured with K-type thermocouples and the pressure was measured with sputtered thin film type 

pressure transducers. The flow rate and runtimes for different saline feed concentrations were reported in 

Table 2.  

 

Table 2: Brine Salinity table from Van Wyk. Paper with added wt% of water, run time in hours and 

volume fed [15]. 
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HEAT EXCHANGER NETWORK DESIGN 

HEX technologies have been around for decades but are used at lower pressures and temperatures 

with other fluids with less corrosive properties than supercritical saltwater. The HE that is to be designed is 

unique because of the application. 

One of the HEs used in this project will have ; the hot supercritical fluid exiting the reactor will 

change state from supercritical to a hot vapor and back to liquid. To calculate the latent heat of vaporization 

and the specific heat of the halite brine solution, the equations in works covering brine properties will be 

applied [16]–[18]. If calculation precision is an issue, it is not uncommon to overdesign a HE. HEs in the 

industry are commonly designed to perform when multiple tubes are plugged in the tubes-in-shell type HE 

[14], [19]–[21]. The papers about the subject of pinch technology are mostly published in chemical 

engineering journals [21]–[29]. This is no surprise, as Linnhoff, Seligman and Hohmann are all chemical 

engineers who have contributed to advancements in HE technology. 

In the late 1700s, James Watt invented the first steam-based system that can be used to heat a home. 

Dr. Richard Seligman founded the Aluminum Plant & Vessel Company (APV PLC) in 1910 and was 

credited for inventing the plate HEX in 1923. APV PLC fabricated equipment for breweries and vegetable 

oil producers in Wadsworth, South London. Dr. Richard Seligman was an early distinguished member of 

the Society of Chemical Industry (SCI).  

Different types of HEs include but are not limited to, tube-in-shell, plate, spiral, cross/counter flow, 

and crossflow [30]. HEs can take the form of radiators in vehicles, boilers in trains, and boilers used to heat 

steam for heating homes. All HEs move heat via the three modes of heat transfer: radiation, conduction, 

and convection [4], [5], [31]. These methods exchange heat between mediums and take different forms on 

process diagrams to aid engineers, maintenance, and mechanics.  
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OVERALL HEAT TRANSFER COEFFICIENT 

The overall heat transfer coefficient (OHTC) or U (W/m2·℃) is a metric found in heat exchanger 

design that is used to determine the amount of heat that is transferred from one fluid to another. Common 

OHTCs are shown in Tables 3 and 4 [32]. 

Table 3 and 4: OHTC Table of Common Fluid Combinations [4] 

 
 

THERMOPHYSICAL PROPERTIES 

The Nusselt number, Prandtl number and the Reynolds number are necessary to find to understand 

the type of heat transfer the fluid inside the heat exchanger is experiencing. If the Reynolds number is less 

than 2300 the flow is laminar, if the Reynolds number is greater than 2300 the flow is considered turbulent. 

The Nusselt number is the convective to conductive heat transfer ratio, it describes if the heat is being 

transferred by conduction or convection or a combination of the two. The Prandtl number describes how 

the heat is traveling through the fluid vs how well the fluid moves with the heat, it is a thermal boundary 

layer and velocity boundary layer comparison metric. 

 

NUSSELT, REYNOLDS AND PRANDTL NUMBERS 

The Nusselt numbers supplied in textbooks used at institutions do not apply to a supercritical water 

heat exchanger [4], [33]. While solving problems in the field of heat transfer, a common problem that 

engineers face is to find the value of the convective heat transfer coefficient h [4], [33]. To find h the 

geometry of the surface is known, and the conductive heat transfer coefficient k value is also known at the 
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pressure and temperature at location. To solve for h the Nu value is calculated, or a predetermined value is 

chosen based on the known conditions. For example, if there is uniform surface temperature of a circular 

surface Nu is set to 3.66 and solved for h [4], [33]. If there is uniform heat flux Nu is set to 4.36 and then 

the Nu equation is solved for h [4], [33]. In the scenario presented in this work neither the heat flux nor the 

temperature from one end of the heat exchanger to the other is uniform or constant. There is no value that 

can be used to find h as easily as a look up table by the method mentioned for a heat exchanger for 

supercritical water. Pizzarelli discusses the ability for supercritical water to transfer heat and how the 

thermophysical effects of supercritical conditions cause this ability to deteriorate [34]. Huang X. writes 

about supercritical water in horizontal double pipe heat exchanger is difficult to predict due to these 

thermophysical properties problems [35]. There are other Nusselt number equations that relate the Reynolds 

number and Prandtl number of the fluid [4], [33]. The Prandtl and Reynolds number relations are valid 

within Prandtl number and Reynolds number ranges which are not what is found in supercritical water heat 

exchange. These equations do not support the conditions in which the experiment in this work takes place. 

In Heat Transfer to Supercritical water Dickinson and Welch stated that “as more accurate knowledge of 

the properties becomes available, data should be correlated by the use of dimensionless parameters” [36]. 

Cengel cites Kays and Perkins, 1972 in Chapter 11 in a table like Table 5 [32]. 

 

Table 5: Nusselt number for fully developed laminar flow in a circular annulus with 1 surface insulated 

and the other isothermal [32]. 

 
 

PRANDTL NUMBER 

The Prandtl number is the ratio of momentum diffusivity over thermal diffusivity [4]. Prandtl 

numbers for fluids are determined experimentally and is a function of the momentum diffusivity and the 

thermal diffusivity [4]. Prandtl numbers can be found if other properties are known as well.  
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𝑃𝑟 =
𝑣

𝛼
=  

𝑚𝑜𝑚𝑒𝑛𝑢𝑚 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦

𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦
=

𝜇
𝜌⁄

𝑘
𝜌𝑐𝑝

⁄
=

𝑐𝑝𝜇

𝑘
 

 

v = Momentum Diffusivity = Kinematic Viscosity, α = Thermal Diffusivity, ρ = Density, cp = Specific heat, 

k = thermal conductivity 

 

 

REYNOLDS NUMBER 

The Reynolds number equation is shown below as well as the equation for hydraulic diameter [4].  

𝑅𝑒 =
𝜌𝑉𝐷

𝜇
=

𝑉𝐷

𝑣
 

Re = Reynolds number, ρ = Density of Fluid (kg/m3), V = Velocity of Flow (m/s), D = Diameter of pipe 

(m), μ = Dynamic viscosity (Pa·s = kg/m·s), ν = Kinematic Viscosity (m2/s) 

 

When the fluid is flowing through a tube that has a ring cross-section as opposed to a circular cross 

section the hydraulic diameter must be used in place of diameter D in the Reynolds number equation. 

𝐷ℎ =
4𝐴𝑐

𝑝
 

Dh = Hydraulic diameter (m), Ac = Area (m2), p = perimeter (m) 

 

The Hydraulic Diameter for the annulus region of the tubing cross section is in this case is 4 times 

the area over the perimeter [4].  

𝑝 = 𝜋𝐷 

 

𝐴𝑐 = 𝜋 (
𝐷𝑜

2
)

2

− (
𝐷𝑖

2
)

2

 

 

Kinematic viscosity and dynamic viscosity are the same and can be used interchangeably. 

Kinematic viscosity is the ratio of viscus force over the internal force or in this case density [4].  

𝑣 =
𝜇

𝜌
 

 

THERMOPHYSICAL PROPERTIES OF H2O 

On the following thermophysical properties graphs the red line represents the max temperature the 

water experiences during the supercritical water desalination process, the black line represents 374℃ the 

critical temperature of water or the critical pressure of 221 Bar depending on the context of the x-axis, and 
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the blue line represents the minimum temperature intended for cold exit line of the heat exchanger to be 

designed. The density curves shown in Figure 5 are all very similar where the density drops rapidly once 

the fluid temperature passes over the critical point. In the near critical region on the higher side a small 

change in temperature can cause a rapid change in fluid density. Similar behavior is observed in Figure 6. 

Figures 5 through 20 all show information gathered from the NIST-REFPROP database for water.  

 
Figure 5: Density of H2O at temperatures from 200℃ to 550℃ over pressures of 225, 230, 240 Bar 

 

 
Figure 6: Density of H2O at pressures from 50 Bar to 400 Bar over a temperature range of 200℃ to 500℃ 

 

Figure 7 shows the viscosity of water as a function of temperature at pressures of 225, 230, 240 

Bar. The viscosity decreases a small amount as the temperature increases until the temperature passes over 
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the critical temperature, where the viscosity then rapidly increases. Figure 8 shows the viscosity as a 

function of pressure from 200℃ to 500℃. 

 
Figure 7: Viscosity of H2O at temperatures from 200℃ to 550℃ over pressures of 225, 230, 240 Bar 

 

 
Figure 8: Viscosity of H2O from 50 Bar to 400 Bar over a temperature range of 200℃ to 500℃ 
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The specific heat shown in Figure 9 remains constant until the critical temperature where it then 

spikes very high then drops back down. The Prandtl number behaves in a similar pattern as shown in Figure 

10.   

 
Figure 9: Specific Heat of H2O at temperatures from 200℃ to 550℃ over pressures of 225, 230, 240 Bar 

 

 
Figure 10: Specific Heat of H2O from 50 Bar to 400 Bar over a temperature range of 200℃ to 500℃ 
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The enthalpy of water shown in Figure 11 increases gradually with temperature as it approaches 

the critical temperature, once the fluid temperature passes the critical temperature the enthalpy rises rapidly 

then the slope changes back to a value like the region before the critical temperature. Figure 12  shows 

enthalpy as S-curve function of pressure within the temperature range of 200℃ to 500℃. 

 
Figure 11: Enthalpy of H2O at temperatures from 200℃ to 550℃ over pressures of 225, 230, 240 Bar 

 

 
Figure 12: Enthalpy of H2O from 50 Bar to 400 Bar over a temperature range of 200℃ to 500℃ 
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The dielectric constant of water shown in Figure 13 drops constantly as temperature increases until 

the fluid temperature reaches the critical temperature where the dielectric constant drops to a similar level 

as Nitrogen, Octane, Isobutane, Oxygen and Carbon Dioxide. Salt does not dissolve in any of these fluids 

because they are non-polar. Water is classified as a bi-polar non-covalent molecule until it reaches a critical 

temperature under supercritical pressures. This is what makes SCWD possible.  

 
Figure 13: Dielectric Constant of H2O at temperatures from 200℃ to 550℃ over pressures of 225, 230, 

240 Bar compared to non-polar hydrocarbons and various solvents 

 

 
Figure 14: Dielectric Constant of H2O from 50 Bar to 400 Bar over a temperature range of 200℃ to 500℃ 
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The thermal conductivity of water is shown in Figure 15 from 200℃ to 550℃ from 225 to 240 

Bar. Figure 15 shows the thermal conductivity of water as a function of pressure from 50 bar to 400 bar 

across temperature range of 200℃ to 500℃. 

 
Figure 15: Thermal Conductivity of H2O at temperatures from 200℃ to 550℃ over pressures of 225, 

230, 240 Bar 

 

 
Figure 16: Thermal Conductivity of H2O from 50 Bar to 400 Bar over a temperature range of 200℃ to 

500℃ 
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The Prandtl number curves take a similar shape to the specific heat, where the lower pressure line 

spikes higher than the higher-pressure curves as shown in Figure 17. Figure 18 shows the Prandtl number 

of H2O as a function of pressure from 50 Bar to 400 Bar over the temperature range of 200℃ to 500℃. 

 
Figure 17: Prandtl Number of H2O at temperatures from 200℃ to 550℃ over pressures of 225, 230, 240 

Bar 

 

 
Figure 18: Prandtl Number of H2O from 50 Bar to 400 Bar over a temperature range of 200℃ to 500℃ 



20 

 

 

Figure 19 shows the Entropy of water from 200℃ to 500℃ at pressures of 225, 230 and 240 Bar. 

Figure 20 shows entropy increasing with temperature as a function of pressure.  

 

 
Figure 19: Entropy of H2O from temperatures from 200℃ to 550℃ over pressures of 225, 230, 240 Bar 

 

 
Figure 20: Entropy of H2O from 50 Bar to 400 Bar over a temperature range of 200℃ to 500℃ 
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The thermophysical properties graphs shown all depict the abrupt changes that occur near the critical 

temperature of water, these changes make it difficult to produce a reliable mathematical model that can be 

used to predict the behavior of a supercritical HEX for various applications.  

 

MATERIALS REVIEW 

 

A short list of materials was considered for the hot and cold tubes of the heat exchanger design 

presented in this work, as shown in Figure 21. The desired material qualities are strength, corrosion 

resistance and the ability to transfer heat conductively.  

 
Figure 21: Thermal Conductivity of Various Materials as a Function of Temperature [4] 

Considering the specific heat of the material used to fabricate a heat exchange can assist in 

calculating the amount of heat that is lost to warming up the heat exchanger during system start up. If the 

mass is to large it will take longer to heat up and cool down.  

 
Figure 22: Specific Heat of Various materials as a function of Temperature from 200℃ – 500℃ [4] 
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As the temperature of 316 stainless steel increased the yield stress decreases. The yield stress of 

316 stainless steel at room temperature is about 42ksi, this value decreases to approximately 1 half of its 

original value when the 316 stainless steel reaches its maximum operating temperature in supercritical 

desalination applications.  

 
Figure 23: Yield Stress of 316 SS as a Function of Temperature from 0℃ to 900℃ 

 

The surface tension data is only available for saturated conditions and not available for supercritical 

conditions because surface tension is a phenomenon that occurs in liquids. The material chosen was 316 

stainless steel because it is corrosion resistant enough to last through the experiment at an economic price 

as well as strong enough to handle the large pressures associated with creating supercritical water.  

 

BRIEF REVIEW OF CORROSION REDUCTION METHODS 

Corrosion is a sizeable enough problem to where it got its own section [15]. Incoloy 825 was 

selected for the processing component and grade 2 titanium has been chosen for the HEX in van Wyk et al 

[37]. Van Wyk narrowed down the source of corrosion to Incoloy 825 not titanium. Van Wyk, et al. [15] 

stated that an in-depth material study needs to be conduct, but a solution using titanium is suggested. The 

HE in van Wyk's work started to function properly, although corrosion is still an issue. Grade 2 titanium is 

pure alpha titanium and is the most common. Other titanium types exist that should be considered when 
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designing a new HEX. The type of corrosion was not stated in this article. Titanium that is resistant to 

crevice corrosion is TIMETAL 50A Code-12 and 50A Pd wit. Although titanium is corrosion resistant it is 

still susceptible to corrosion and more advanced corrosion resistant titanium may be needed [38]. 

Corrosion is a problem with HEXs and is expected as shown in Failures of heat exchangers [39]. 

Corrosion problems can be solved through the means of surface treatments such as, passivation, ceramic, 

or other non-reactive coatings [14]. Metal sputtering may also be considered as an application method to 

apply a solution to the corrosion problem. A sacrificial anode may also be required to reduce titanium 

corrosion. Corrosion is a design consideration depending on the environment the product will be used in, 

but it is commonly overlooked and found after an unforeseen situation causes it. 

Coating the titanium may cost more but it will allow the HEX constructed of an already expensive 

material to last longer. Advanced plating technologies may be a possible solution to the anticipated 

corrosion problem.   

If this design does not seem to work and off the shelf, HEX may be needed or outsourced to another 

vendor. The hot HEX in the HEN could require some additional insulation to reduce heat energy loss to the 

surrounding environment. 

 

EXPERIMENT 

To find the Nusselt number, Prandtl number and Reynolds number an experiment must take place. 

During the experiment pressure and temperature will be recorded. The temperatures and pressures recorded 

will then be used to look up the values of the thermophysical properties needed to find the Nusselt number, 

Prandtl number and the Reynolds number. This data was looked up using NIST-REFPROP database.  

 

 

 



 

 

CHAPTER 2 METHODS 
 

 

INTRODUCTION 

This chapter will discuss the methods implemented to run the experiments on the desalination 

system to collect data about the properties of the fluid as if flows though the heat exchangers (HEX) of the 

heat exchanger network (HEN). The procedures discussed will cover start up, operation and shut down 

operations and methods. The components of the desalination system and the heat exchanger cart (HEC) 

will also be covered. The existing system is shown in Figure 24. This system requires a feed water heater 

also known as a pre-heater and a chiller. The FWH is in the form of the first furnace (F1). 

 

Figure 24: Existing system with 10 mL/min flow rate 

The ideal system is shown in Figure 25 where the pre-heater and the chiller have been removed and 

replaced with a heat exchanger. The heat exchanger is a “passive” element which does not require any 

outside power to function as a chiller and a furnace do.  
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Figure 25: Ideal System 

 

Figure 26 shows the system Process and Instrumentation (PI) diagram that illustrates how the 

system was set up to collect data on HEX performance at different temperatures and pressures. Furnace 2 

(F2) was added between the HEX and the gas separator and condenser assembly. Pump 2 and accompanying 

water and brine tanks were also added to cool the heat Exchanger. Pump 1 and Pump 2 are linear 

displacement pumps that are both capable of the same flow rate of 10 mL/min.  
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Figure 26: Experiment Setup 

 

There is no added nitrogen gas in the cooling line during experimentation. Pump 2 is running at the 

beginning of the experiment while the rest of the system is heating up. The nitrogen tank in conjunction 

with the back pressure regulators (BPR1 and BPR2) set the pressure of the desalination system and the 

cooling side.  

 

MATERIALS  

The equipment pieces this study applies to are shown in Figure 27 and 28. The smaller 10mL/min 

system is shown in Figure 27 and the larger supercritical water system that as a flow arete of 100mL/min 

is shown in Figure 28. HEX1 and HEX2 as mounted to the HEC can provide solutions to the heat exchanger 

networking needs of the 10mL/min desalination system. HEX2 is designed to work with the 100mL/min 

system, the data for this scenario was not collected in this study. The intention is to characterize HEX1 and 

HEX2 on the 10mL/min system then integrate the HEN with the 100mL/min system. The Computer Aided 
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Design (CAD) model shows the input tanks, pumps, the reactor, gas separator condenser assembly, feed 

water heater (FWH), and the rupture disc discharge tank.  

 
Figure 27: Front view of the 10 mL/min SCWD system SolidWorks CAD model 

 

The 100mL/min system shown in Figure 28 has 2 reactors, a larger FWH and a larger condenser, 

all larger components to accommodate 10 times increase in flow rate.  

 

 
Figure 28: CAD Model (Left) and fabricated system 100mL/min desalination system also known as the 

10X system (Right) 

 

The pieces of equipment used for this study include a supercritical water desalination system, the 

HEC, several pumps, and a nitrogen gas cylinder. The desalination system is not shown in Figure 29. The 

interventive aspect of this study is the addition of the heat exchanger cart. The parts shown in Figure 29 are 

the intervening components.  
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Figure 29: SolidWorks CAD assembly model of the HEC, 2 HEXs, Furnace 2, Pump 2, Ice bath bucket. 

Desalination system, thermocouple cables and power cables are not shown 

 

The CAD model of HEX1 is shown in Figure 30. HEX1 and HEX2 are similar in design with some 

minor variations regarding overall length, annulus volume and insulation type. The hot central line is the 

same material in both HEs. 

 
Figure 30: SolidWorks CAD assembly of an individual heat exchanger with rockwool insulation 

 

HEX1 BRINE EXPERIMENT SETUP 

The HEC held the tanks which held the water and brine to be pumped into the HEXs that were 

mounted to the cart. Tank 1 was loaded with deionized water from the ECU Life Sciences building DI-H2O. 

Tank 2 was loaded with brine for testing. To change the salinity of the solution pumped through the HEX 

cooling jacket the brine in Tank 2 was drained and replaced with the next brine for testing. Figure 31 shows 

these tanks mounted to the HEC. 
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Figure 31: Tank 1 is for H2O, Tank 2 is for 3.5wt%, 7.5wt%, 14wt% NaCl Brine, HEX1 shell output tank 

 

SETTING 

The experiments took place at the Life Sciences and Biotechnology Building (LSBB) located on 

the corner of 10th street and Evans Street in Greenville North Carolina on the campus of East Carolina 

University. The system was assembled in the High Bay area. The High Bay is equipped with 2 garage doors, 

a 1 Ton Gantry crane, 2 air snorkels, several tables, a fume hood, a sink, a work area circumferential drain 

among other common lab items. Figure 32 shows the lab work area.  

 
Figure 32: High Bay of Life Sciences and Biotechnology Building at East Carolina University 

 

A Nitrogen gas cylinder bottle rack was added to the room for the purpose of this project. The 

LSBB is a newly constructed building and the ribbon cutting ceremony was in the Fall of 2021. The research 

group the researcher was a part of was one of the first groups in the building.  The High Bay was outfitted 

with a floor drain that encircled the working area. The room next to the High Bay is a bio-processing lab 



30 

 

equipped with a deionized water faucet, which was the source of the working fluid in this experiment. Tap 

water was not used as the working fluid in the experiments conducted for this study due to its impurity. The 

reactor is intended to remove salt and other solids from the water. Tap water contains some salts and other 

elements that may come out of the water during operation. The purpose of using DI-H2O was to protect the 

reactor from damage and minimize maintenance throughout the experimentation phase of this work.  

Figure 33 shows the 10ml/min SCWD system with the chiller connected to the condenser. The 

chiller consumes power during normal operation. Adding a heat exchanger will remove the chiller, thus 

removing the need to power the chiller, reducing the overall power consumed by the desalination system.  

 
Figure 33: 10mL/min SCWD system with connected chiller and FWH 

 

Figure 34 shows the lab ice machine where the ice for the ice bath was sourced. There are different 

types of ice that ice machine manufacturers design machines to create, the ice used for the ice bath was 

classified as the trade name of “nugget” describes. The “nugget” shaped ice resembles ½” to ¾” long 

cylinders that are ½” to 5/8” round. 

 
Figure 34: Ice Machine – source of ice for ice bath 
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PARTICIPANTS 

The people involved in this study are the authors of this paper. During the earlier phases of testing 

another graduate student assisted Michael in setting up the system and was to aid on an as needed basis. 

There were undergraduate students available, but they were not utilized for the data collection portion of 

the study at hand. There were no populations or people studied in this research effort. This is a project that 

strictly studies a desalination system and its mechanical and thermal operation.  

 

MATERIALS 

The heat exchanger cart (HEC) was constructed with the assistance of 2 other grad students. The 

cart was modeled in SolidWorks then constructed with Commercial-of-The-Shelf (COTS) components. The 

metallic compression fittings used were manufactured by Swagelok and Parker Hydraulics. The tubing used 

to construct the heat exchanger was 316 Stainless Steel tubing sourced from MaxxPro. The HEC is outfitted 

with 3 shelves total. The top shelf is for data collection equipment and provides a working surface for the 

operator, the middle and bottom shelves are for HEX1 and HEX2. HEX1 and HEX2 are different in design. 

HEX1 is shorter and was designed to have a thicker shell wall. HEX1 was also intended for supercritical 

CO2 (ScCO2) research [3], [40]. ScCO2 research and data is out of scope of the work presented. The HEX 

set was constructed using the prepared stainless-steel tubing shown in Figure 35. 

 
Figure 35: 316 Stainless-steel tubing prepared for fabrication 

 



32 

 

The manufacturing and fabrication methods needed to produce the heat exchanger have been 

limited to simple hand tools because the HEX designed is intended for assembly in a region where power 

sources are very limited. The HEX designed can be constructed with nothing but 2 sets of wrenches and a 

hacksaw and some minor gauges and measuring tools such as a tap measure. A de-burring tool is also 

recommended. Table 6 shows the tubing configurations that were considered for the HEX for 

experimentation. 

Table 6: Heat Exchanger Tubing Dimensions Considered for Design 

 
 

Figure 36 shows a cross section of the hairpin turn at the end of the HEX. The hot fluid flows 

through the central tube that is shown on the right portion of Figure 36. The cooling fluid flows through the 

larger diameter section of Figure 36 shown vertically on the left side of Figure 36. 

 
Figure 36: Cross section of internal fluid path of the proposed HEX 
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Figure 37 shows the metallic compression fittings purchased for the construction of the heat 

exchanger as received. The fittings for the shell are ¾” and the fittings for the center tube are 3/8” or the 

SS-2010-X-X series and the SS-600-X-X series from Swagelok. 

 
Figure 37: Metallic compression fittings laid out prior to assembly, connecting tubing is not shown. 

 

 

INSULATION 

Early on the system was uninsulated and through experimentation it was determined that too much 

heat was lost through convection, conduction, and radiation to the surrounding environment. Rock wool 

insulation was added to the HEX and the hot lines. The line that is flowing out of Furnace 1 (F1) is insulated 

as well as the line running out of Furnace 2 (F2) into the HEX on the cart. The rock wool used in HEX1 

was 2 in thick 7/8” ID mineral wool pipe insulation purchased from McMaster-Carr. HEX 2 used steam 

resistant high temperature fiberglass insulation tubes with a 1.5” wall thickness and a 7/8” ID.  

Throughout the HEC steam resistant high temperature fiberglass elbows with 1” to 2” wall thickness was 

used where appropriate.  The elbows were comprised of 2 halves held together with wire that was twisted 

together so secure the insulation where it is needed. Aluminum tape was also used to seal the insulation at 

the seams and secure insulation where it was needed. The insulation also protects the operator from exposed 

hot surfaces.  

 

NITROGEN GAS CYLINDER 

A nitrogen gas tank from AirGas supplied the nitrogen gas that was used in this experiment. The 

gas was sold under the trade name (Nitrogen, Compressed, UN1066, CAS# 7727-37-9), it is designated as 

being 100% Nitrogen. Nitrogen is an asphyxiant and will deprive the body of oxygen if inhaled, if it is 
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improperly handled death is possible.  This gas was used to pressurize the system before the water or brine 

was pumped through the system. The method for pressurizing the system will be described in greater detail 

in the procedure. The purpose of the nitrogen is to provide a “gas spring”. Water is an incompressible fluid 

when it is in the liquid state and pressure spikes can be experienced if it boils. If the system was filled with 

water first, then heated boiling will occur, therefore the system is first pressurized then filled with water. 

An off the shelf brass regulator was purchased, as well as pressure gauges, a 1/8” X 1/4”-NPT 

metallic compression fitting, and a CGA-677 nipple with the CGA-677 nut for assembly into the regulator 

that remained on the tank during testing. CGA stands for Compressed Gas Association, this organization 

has standardized the gas fittings and practices in industry to increase safety. A second regulator was added 

to the desalination system for the operator to adjust the pressure while the system was pressurized. The line 

running out of the tank regulator is connected to the “in” port of the regulator mounted to the system. The 

gas inside a new unused tank is 6000 psi, the maximum limit of the pressure gauge on the reactor is 5000 

psi. The regulator that is mounted to the tank sets the pressure of the gas to 4000 psi to protect the pressure 

gauges on the desalination system. The pressure gauges on the desalination system are oil filled and shock 

resistant. The pressure gauges mounted on the nitrogen gas cylinder are traditional more economic gauges. 

The desalination system is equipped with oil filled gauges because they are more precise and hold accuracy 

over long periods of time when mounted to equipment that is prone to shock and vibration. When the pump 

is running the desalination cart vibrates from the pump and the pump’s cooling fans, this vibration can cause 

the gages to drift with system use. The purpose of creating the CAD model shown in Figure 38 is to provide 

documentation and a visual aid to guide in assembly of the parts used in this experiment. 

 
Figure 38: Nitrogen gas cylinders, regulator for the tank and regulator assembly for SCWD Cart and HEC 
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EXPERIMENTAL SET UP 

The following set up method refers to the labeling scheme in the PI diagrams presented. 

The system was pressurized with Nitrogen gas at a 150 Bar pressure reading. Once pressurized the back 

pressure regulator was set to the desired experiment pressure of 225, 230 or 240 Bar. The reactor is then 

turned on and set to 415 ℃. When the Reactor (R1) temperature reads approximately 370-380 ℃ pump 1 

is turned on and pumps at a preset flow rate of 10 ml/min. Furnaces 1 and 2 are then turned on. Furnace 1 

is set to 350 ℃. Furnace 2 was set to the desired temperature for the experiment. Furnace 2 was added to 

the system strictly for temperature control to evaluate the performance of the HEXs used in this study and 

is not necessary for a production level system for commercial use in normal practice.  

The Reactor exit temperature was monitored. The reactor exit temperature is recognized as Furnace 

2 entrance temperature. T1 is recognized as Furnace 2 Exit temperature. The heat added to the system by 

Furnace 2 can then be determined through thermodynamic calculations.  

The cooling jacket exit temperature was monitored at the heat exchanger cold line exit point, at a 

point after the cooling ice bath and in the collection tank. The purpose of monitoring this data is so that the 

HEX cooling jacket exit temperature is known, the ice bath cools the water down so that the hot fluid does 

not melt the plastic collection tank and the density sample is correct. The diaphragm in Back Pressure 

Regulator 2 (BPR2) is made from stainless steel as opposed to the Polyether Ether Ketone (PEEK) 

diaphragms so it can handle high temperatures as a precaution. The temperature of the HEX cooling bath 

would start off high then drop as water filled the tank. This is because the tank starts empty and mass of 

water inside the tank increases as water fills the tank.  The flow rate was checked incrementally with a 

beaker and a stopwatch to check if a constant system flowrate of 10 ml/min was maintained. The flow rate 

did not appear to change throughout the experiment.  

The ice machines in the ECU Life Sciences Building were used as an ice source. It was found that 

adding water to the ice increased the ice’s ability to remove heat from the cooling coil, forming a slushy ice 

water mix. The cooling jacket water was then dumped into a collection tank. Between experiments the heat 

exchanger cooling water was dumped down the drain with the ice bath water.  
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BRINE AND WATER 

The brine used in the experiments was produced in the lab using a scale, a large 2-liter Erlenmeyer 

flask, deionized water, and lab grade sodium chloride. Iodized salt commonly found at supermarket 

establishments was NOT used in this research. Iodine is added to table salt to help regulate hormones that 

control heart rate and blood pressure among other health benefits and can be absorbed by the 316 stainless 

steel that the system plumbing is constructed of [41], [42]. This iodine absorption phenomenon is similar 

to hydrogen-embrittlement which can weaken the 316 stainless steels through a form of corrosion which 

could cause issues when the system is pressurized.  [41]. The lab grade sodium chloride (NaCl) used to 

create the brine was from ThermoFisher with a CAS # of 7647-14-5 which is >99% NaCl in purity. The 

brine concentrations created for these experiments are 3.5wt%, 7.5wt% and 14wt% NaCl in batches of 2 

liters at a time. This desalination system has already been proven using NaCl and KCl (Potassium Chloride) 

in previous experiments. It is known that the fluid exiting the reactor is approximately 99% pure water in 

these experiments where NaCl and KCl are the salts in the brine loaded into the brine for treatment tank. 

The fluid fed into the desalination system was deionized water mixed with NaCl to form brine for the earlier 

experiments. The purpose of using deionized water as the hot fluid is to reduce the wear and tear on the 

desalination system. Tap water is fortified with sodium fluoride, fluorosilicic acid, or sodium fluorosilicate 

(fluoride), sodium hypochlorite (chlorine) and which are added to drinking water for health benefits, these 

materials could have negative effects on the stainless steel over the long term.  

When using highly concentrated brines the reactor needs to be disassembled periodically for routine 

maintenance. The objective here is to reduce time and increase experimental run time. There is also the off 

chance that the rector could be damaged during the O-ring changing procedure.  If the fluid is 100% DI 

water that runs through the desalination side of the system, routine maintenance frequency is greatly 

decreased. The maintenance procedure includes removing the reactor from the system, placing it in a vise, 

then removing the bolts and changing the graphite O-ring seal. Before reinstalling the reactor back into the 

desalination system, the clamps need to be reinstalled and the bolts need to be properly torqued down. If 

the system needs to have the O-ring changed every 40 hours of run time and 400 hours of experimentation 
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is needed 10 O-rings need to be consumed and 3 hours of maintenance time is required per O-ring change 

that is a wasted 30 hours. Therefore, DI water was used as the desalination fluid. This is acceptable based 

on past system performance.  

 

MEASUREMENT INSTRUMENTS 

The data recorded in this experiment consisted of temperature, pressure, flow rate, conductivity, 

and density of the operating fluid. The temperature data was collected using J-type thermocouples that were 

connected to a handheld thermocouple meter. The pressure gauges at the HEX inlets and outlets were analog 

dial type gauges that were rated for high temperatures and were connected to the T-fittings on the line. 

 

FLOW MEASUREMENT 

The flow rate was periodically checked using a small beaker and a timer. The researcher would 

place the beaker under the outflow line and catch the water dripping before it entered the product output 

tank. The timer would begin when the first droplet contacted the bottom of the beaker. Once the 1 minute 

passed the beaker was removed out of the outflow stream and a measurement is taken. A flow meter could 

have been installed but the method discussed is more in line with how the flow rate would be measured in 

the context of and off the grid system. A flow meter would be one more thing that needs to be powered, the 

flow rate read out on the pump is adequate. The flow rate is shown on a digital display on both Pumps 1 

and 2. The 10mL/min system flow rates were set by the control panel on the pump. 

 

TEMPERATURE MEASUREMENT 

All temperatures measured in this study were captured using J-type thermocouples. The 

thermocouples used to measure the fluid temperature inside the HEX’s were ¼” diameter stainless steel 

probes. The thermocouples used to measure the fluid temperature at different points in the process were 

1/8” diameter. The thermocouple cable was shielded with a fiberglass wrap if it contacted a hot surface to 

protect the wire coating. Each HEX had 3 thermocouples on the hot line, and 5 thermocouples on the cooling 
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line. The temperature ranges the system experienced during operation was from room temperature to 

approximately 450℃. Figure 39 is an example of the thermocouple style that was used in these experiments.  

 
Figure 39: Thermocouple used on HEX2 at point T8 pulled for inspection. 

 

The 6-inch long ¼” diameter thermocouples had an accuracy of +/- 0.75% with a readable 

temperature range of 32°F to 970°F with a 1.3 second response time. The tubular housing is made from 316 

stainless steel to resist corrosion. The connection type is round pin. Round pin to flat pin adapters were used 

to connect the individual thermocouples to the handheld temperature meter during data collection. The 

temperature meter used to collect the thermocouple temperature data in these experiments is shown in 

Figure 40.  

 
Figure 40: Proster Thermocouple handheld meter 

 

The meter shown in Figure 40 can receive data from J, K, T, E, N, T, R, and S-type thermocouples. 

The temperature range of data the meter will display for J-type thermocouples is from -346 F to 2192 F (-

210C to 1200C). The accuracy of the meter is +/- 0.1%. Figure 41 shows a 12 channel TM500 manufactured 

by EXTECH, it was used to monitor the room temperature of the ECU LSBB High Bay while experimental 

data was being recorded. The room temperature increased and decreased with the rising and setting of the 

sun by approximately 5℃. 

The EXTECH Data logger can stand environmental temperature ranges of -40℉ to 482℉. The data 

logger will accept E, J, K, R, S and T-type flat pin thermocouple and write the data collected to an SD Card 

and record up to 20,000,000 data points. It can be powered by 8 AA batteries or an AC adapter cable. This 

meter was left in the on position for the duration of all experiments for data recording.  
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Figure 41: EXTECH data logger with J-type Probe measuring room temperature. 

 

PRESSURE MEASUREMENT 

The pressures of the system were measured using a few different pressure gauges. The room 

temperature lines were measured using digital high precision pressure gauges that were powered by 9-volt 

batteries. The hot lines were measured using a high temperature analog pressure gauge. The Reactor 

pressure gauge (P1) is a large pressure gauge affixed to the top of the reactor that was supplied by the 

reactor manufacturer PARR Instruments. The nitrogen gas line pressure was measured using analog gauges 

attached to the regulator. The max pressure the system experienced was close to 260 Bar (3771 psi). 4 

pressure gauges were used on each heat exchanger.  Pressure gauges used in this study are shown in Figure 

42. 

 
A   B   C 

Figure 42: Pressure gauges 

 

The pressure gauge shown in Figure 42 A, is rated for measuring high temperature fluids and will 

withstand environmental temperature range from -65° to 400°F (-53° to 204℃) and a process temperature 

of -65° to 600°F (-53 to 315℃) with an error range of +/-0.5%. The pressure gauge shown in Figure 42B 

has a large diameter face and maxes out at 5000 Psi. The pressure gauge shown in Figure 42A has an 

environmental temperature range of 0℉ to 185℉ and a process temperature range of 15℉ to 140℉. The 
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accuracy is listed to be +/-1%, it is powered by a standard 9V battery and has a resolution of 1 psi 

(0.0689476 Bar). The pressure range of gauge C in Figure 42 is 0 to 5000 Psi (0-344 Bar). Pressure gauge 

A in Figure 42 was used in 4 locations on each HE. Gauge B was monitoring the Reactor as P1. Gauge C 

is used at points P2, P3, P4, and P5 in the Process Diagrams presented in this work.  

 

ELECTRICAL CONDUCTIVITY MEASUREMENT 

The electrical conductivity was measured only during the experiments where a brine solution was 

pumped through the cooling side of HEX1. The conductivity of the fluid is measured in μS/cm or mS/cm. 

The conductivity meter is a modular SevenExcellence Multiparameter S400 conductivity, temperature, pH, 

resistivity meter. The Mettler Toledo InLab Expert Go was the probe used to take these measurements.  

 
Figure 43: Electrical Conductivity probe and meter 

 

The bench top electrical conductivity meter is capable of measuring a minimum of 0.001 uS/cm 

and a maximum of 2000 mS/cm with an accuracy of +/-0.5% of the reading. 

 

DENSITY MEASUREMENT 

The density of the output fluid during data collection was measured with a handheld density meter. 

The plastic sample tube of the density meter was placed in the water collection vial while the vial was filled 

with the system output water to collect a reading. To operate the density meter the trigger is pulled, and 

water is pumped into the handheld meter then measured by the electronics housed in the meter. The meter 

outputs the data on a digital LCD screen. The density meter has an accuracy of +/- 0.001 g/cm3, a 
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repeatability of 0.0005 g/cm3, and a resolution of 0.0001 g/cm3. The density meter will sample fluids within 

the temperature range of 0℃ to 50℃.  

 
Figure 44: Density Meter 

 

If the sample collected by the density meter is to hot an alarm will sound and the screen will blink 

to let the operator know that the density shown is incorrect. The alarm trip was avoided by cooling down 

the water collected to room temperature by cooling the fluid through an ice bath. The density meter was 

only used to collect density values of the HEX1 salt study. Density measurements were not taken for the 

water-water studies, where deionized water was used as a hot fluid and a cooling fluid.  

 

 

PROCEDURE 

This section will discuss the start-up, data collection and shut down procedures for the system 

produced. The room temperature was monitored during the experiment, it was found to be between 20℃ 

to 27℃ depending on the time of day. The room temperature variation had little effect to no effect on the 

results because it is a small percentage of the range of temperatures HEXs experienced during testing.  

 

SYSTEM START-UP PROCEDURE 

To run an experiment the following procedure was followed: 

The nitrogen tank regulator started in a closed position to prevent loss of any nitrogen. Then the nitrogen 

cylinder valve is opened to the fully open position. Then the nitrogen tank regulator is set to 4000 psi (276 

BAR). The regulator on the desalination system is then set to 150 Bar. Valve 1 (V1) is then opened to fill 
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the system with nitrogen gas to a pressure of 150 Bar. V1 is then closed when the pressure gauge (P1) on 

top of the Reactor settles at 150 Bar. The regulator on the desalination system is then set to the pressure that 

is desired for the experiment. The experiments conducted for this research were operation pressures of 225, 

230, and 240 Bar. When the system pressure settles to the desired pressure V1 is then closed. When the 

reactor temperature (R1) reaches 370℃, turn on Furnace 1 (F1), Pump 1, Furnace 2 (F2) and Pump 2, in 

the order listed. Pump 1 and Pump 2 are both set to 10 mL/min. Adjust pressure as needed to maintain safe 

pressure levels. The reactor is not to operate above 270 Bar.  

 

DATA COLLECTION PROCEDURE 

The operator is to take the thermocouple meter in hand and insert a thermocouple plug into the 

thermocouple meter T1 port and then record the temperature in an EXCEL spreadsheet. The pressures 

shown on the pressure gauges are recorded in the same spreadsheet as well as the electrical conductivity 

and density of the output water. The flow rate was collected using the flow rate measurement procedure 

discussed in this chapter. The temperatures were then graphed in EXCEL and used as a readout to see what 

the system was doing. The generated graph can also be used to make decisions during operation or observe 

any phenomenon found. Data was collected every in 5, 10, 15-minute increments depending on what was 

going on. When the system was warming up data was collected at 10 5o 15-minute increments. When the 

system was at temperature and an experiment was underway data was collected every 5 minutes. A full start 

up and shut-down cycle could be anywhere from 8 to 24 hours long. 5 minutes is 0.3% of 24 hours or 1% 

of 8 hours. A LabView data acquisition system was considered but it was determined that it would be too 

"hands off” for the operator. A data acquisition thermocouple module was considered but not allowed 

because the thermocouples used in this study were grounded. Thermocouples measure millivolts which are 

a small change in voltage. All thermocouples would be touching the same ground which would interfere 

with the measurements taken. Therefore, all measurements were recorded manually. This allowed the 

operator to be mindful of what was happening inside the system and forced the operator to be more engaged 

with their surroundings.  
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SYSTEM SHUT DOWN PROCEDURE 

To shut down the system F2 is set to 400℃ and stepped down in temperature by 50℃ increments 

every 10 minutes. Once F2 reaches 400℃, Pump1, R1, Furnace 1 (F1), are shut off. Pump 2 is kept running 

to cool the HEX until R1 reaches 370℃. Once R1 Reaches 370℃ Pump 2 is shut off. Data may be recorded 

to plot the cooling characteristics of the system if desired.  

 

PROCEDURE TO USE BRINE AS A COOLANT 

Data for HEX2 is not recorded while data for brine running through the cooling jacket is recorded. 

There is not enough time available within the 5 minutes between data points to collect data for HEX2 and 

record the density, conductivity and collect samples. Pump 2 is pumping brine and water through the HEX1 

shell. To run brine through the system the following procedure was followed: 

Pump DI water through both the Hot Tube and the Cold Shell until both fluid circuits reach steady state. 

Open the brine feed tank (Tank2) valve then close the DI water feed tank (Tank1) valve. Both valves on the 

feed tans are never to be left closed at the same time. Measure conductivity at a minimum of every 15-

minute increment, every 5 minutes is preferred.  Run 3.5wt% NaCl Brine through the HEX shell for 60 

minutes. Record 60 minutes of data at 1 point every 5 minutes. Switch back over to pumping DI water by 

opening the DI water feed line then closing the brine feed line. Run DI water through the system for 15 to 

30 minutes, 12 minutes minimum or until the conductivity of the shell output line shows signs of dropping. 

Change brine in the brine tank from 3.5 wt% NaCl to 7.5 wt% NaCl, disconnecting the feed line over a 

large beaker, to collect the water. by emptying the tank, closing the valve. Run 7.5 wt% NaCl through the 

cooling jacket of HEX1 for 60 minutes. Change back to DI water after 60 minutes of data has been recorded 

by opening DI water feed valve first and closing the Brine feed line valve. Both valves are not to be closed 

at the same time. Allow the DI water to be pumped for 15 to 30 minutes or until the brine is diluted. Open 

brine valve first, then close the DI water feed line valve. Run 14 wt% NaCl Brine through the cooling jacket 

of HEX 1. Allow pump to run for about 15 minutes. Begin collecting data after the electrical conductivity 
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is showing signs of increasing. Collect 60 minutes of data. After 60 minutes of data is collected open the 

DI water valve and close the brine feed line valve. Pump DI water through the system util the electrical 

conductivity cannot go any lower. Follow system shut down procedure but allow Pump 2 to continuously 

run while the system cools down. This will keep washing out the brine and salt water that may remain inside 

the cooling shell.  

 

THE PURPOSE OF FURNACE 1 and FURNACE 2 

Furnace 1 (F1) is used as a pre-heater also known as a Feed Water Heater (FWH) which increases 

the temperature of the brine before it enters the reactor. The brine flows through the furnace tube which is 

held in F1. The exit temperature of F1 at normal operating conditions is around 230℃ to 250℃. The FWH 

in this application reduces the amount of thermal shock or thermal gradient that the reactor experiences. 

The FWH also reduces the amount of energy the reactor heater consumes. Furnace information can be found 

on the Furnace name plate shown in Figure 45. 

 
Figure 45: Furnace 1 and Furnace 2 Name plate data 

 

Both F1 and F2 are a Thermcraft Inc. XST-2-0-12-1V1-F04 Portege Tube Furnace with smart 

control. These furnaces both run off single phase 120 VAC power and produce 1200W of heat. The max 

load rating is 10 Amps. Furnace 2 as added to the system for the purpose of controlling the temperature of 

the reactor outlet temperature for data collection. The researchers needed to control the HEX inlet 

temperature so the following HEX temperatures could be measured. This method allowed for a heat 
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exchanger performance curve to be generated. Once the data has been collected and the performance metrics 

of the heat exchangers are understood the furnace can be removed from actual practice. Adding a furnace 

after the reactor in the process is thermally counterproductive and wasteful in commercial applications. The 

reactor is capable of higher operational temperatures but was not pushed to high levels for safety reasons, 

therefore a furnace was added to find thermophysical properties at the maximum operational ranges of the 

HEXs. Furnace 2 will not be necessary in practice in a production scale system that would be used to treat 

water in real world applications.  

 
Figure 46: Furnace 2 Location 

 

The exit temperature of the reactor is near the critical temperature of water. Near the critical point 

of water, the enthalpy needs to be increased substantially to raise the temperature of the fluid by 1 degree.  

Near the critical point of H2O the specific heat spikes from about 7.7 kJ/kg·K to about 400 kJ/kg·K. The 

increase in specific heat means more energy is required to increase the temperature of the fluid by 1 degree, 

therefore a furnace needed to be added to test the HEXs in this study. The treated supercritical water flows 

out of the 10mL/min desalination system into Furnace 2 where the temperature is increased to the desired 

HEX inlet temperature. The fluid then flows into the HEX on the HEC. Once the hot fluid is cooled down 

the fluid flows back to the condenser and gas separator that is mounted to the desalination system.  

 

FURNACE 1 HEAT ABSORBTION TUBE 

The furnace tube in F1 is a thick walled 316 SS 20 in long tube that has added aluminum heat sinks. 

The aluminum heat sinks help increase the effectiveness of the furnace tube in absorbing heat thus 

transferring the heat to the water flowing through it. The water temperature will rise, and the fluid enthalpy 

will increase with temperature. The added enthalpy from the furnace will enter the reactor thus adding heat 

to the reactor which will reduce the energy the reactor heater needs to add to the reactor to heat the fluid. 
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Figure 47 shows viable aluminum heat sink patterns that can aid in improving the furnace tube’s 

effectiveness.  

 
Figure 47: Viable heat sinks cross sections for Furnace 1 

 

 

Furnace 2 (F2) also serves as a preheater for the HEC like F1 does for the reactor, but its main 

purpose is to control the temperature so the researchers can characterize the thermophysical properties of 

the fluid flowing through HEX1 and HEX2. The furnace temperature is used to control T1 at the hot line 

entrance point. The rest of the heat exchangers’ performance is determined by its geometry and the 

properties of the insulation.  

 
Figure 48: Illustrating the Radiation received from all sides of the heat sink inside the furnace. 

 

 

Heat was also transferred to the FWH tube by conduction and convection. The fluid surrounding 

the tube inside of the furnace was hot air. An individual heat sink and stack of heat sinks on the thick-walled 

FWH tube is shown in Figure 49. 

 
Figure 49: Furnace tube with Installed heat sinks. 
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The heat sink geometry improvements are shown in Table 7. Thermal paste was added to the 

furnace tube prior to installing the heat sinks. The thermal past is intended to increase the surface contact 

between the heat sinks and the 316 stainless steel tubing.  

Table 7: Heat Sink Data 

 
By adding a heat sink to the furnace tube for the pre-heater, also known as the FWH, the surface 

area is increased by 42% per 2 inches of tubing with added heat sink.  

 

FURNACE COIL CONSTRUCTION FOR FURNACE2 

The furnace coil is only intended for F2. The furnace tube or coil was produced by wrapping a 1/8” 

OD, 0.055” ID, 316 stainless steel tube around the stainless-steel pipe shown in Figure 50. The pipe has an 

approximately ¼” by 1” notch cut in the end.  

 
Figure 50: 1-inch stainless steel pipe 

 

The tubing was placed against the floor and rolled around the stainless steel pipe. Fittings were 

added to allow the furnace tube to be attached to the rest of the system. The furnace coils shown in Figure 

51 each have 65 turns per foot.  

 
Figure 51: Furnace coil (top), Used furnace tube coil with fittings (Bottom) 
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Each coil is 12” long and fits in the furnace’s heat effected zone as shown in Figure 52. The ends 

of the furnace are thermally insulated by the rockwool insulation to maximize the internal temperature of 

the furnace and reduce heat loss to the ambient environment.  

 

 
Figure 52: Furnace coil installed in Furnace 2 

 

The inner diameter of the furnace coil is approximately 1.314”, which is the diameter of the pipe 

used as a core form. The length of the coil is determined by the diameter multiplied by π multiplied by the 

number of coils. Solving the equation for L yields 22.4 ft of tubing is needed at minimum to create the 

coiled section of this tubing run for the furnace. Additional tubing is needed on each side for connection. A 

length of approximately 25 ft was used for the coils shown, which is convenient in size because 1/8” tubing 

coils are sold in lengths of 50 ft. Purchasing one 50 ft coil is ideal for producing 2 coils.  

𝐿 =  𝜋𝑑𝑛 =  𝜋 × 1.314" × 65 = 268.32𝑖𝑛/12 =  22.4𝑓𝑡 

25 ft of tubing will allow the fluid to spend more time in the furnace while the pump is running 

allowing the fluid to pick up more heat. The CAD model shown in Figure 53 was formulated by modeling 

the inside of the furnace and calculating how many turns the helix would need to evenly space the 1/8” 

tubing sections. The distance between each coil from edge to edge is a gap of approximately 0.06”. 

 
Figure 53: SolidWorks model of the Furnace 2 Coil 
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The purpose of using small diameter tubing is to increase the length of the coil which increases the 

length of time the fluid spends in the furnace which increases how much heat the fluid absorbs while it is 

in the furnace. Figure 54 shows the furnace mounted between the HEX cart and the reactor (R1). The chiller 

is not shown attached to the system because it is no longer needed.  

 
Figure 54: Furnace 2 between the desalination system (Left) and the Heat Exchanger Cart (HEC) (Right). 

 

The furnace is supported by extruded aluminum framing that is mounted to the upright supports on 

the desalination system. Another experiment could be done with the coil added to Furnace1 for the FWH, 

which could lower the furnace’s operating temperature yielding the same designed exit temperature.  

 

DIGITAL SCALE AND STIRRER 

A Mettler Toledo ME4002E precision scale was used to measure the materials for producing the 

brine used in this study is shown in Figure 55. 

 
Figure 55: Mettler Toledo Scale ME4002E 

 

To produce a brine of 3.5wt% NaCl for experimentation a beaker was placed on the scale then the 

scale was “Tared”, such that the scale reads 0.00g. To create a brine solution that is 3.5wt% NaCl of an 
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approximately 2000 mL solution 75 grams of NaCl was then poured into the beaker until the scale reads 

75.00g. Once the scale reads 75g, water was added until the scale reads 2000 grams. The scale is not “Tared” 

between measuring out the salt and the water. 

The brine mixtures are listed in Table 8. The Brine recipe table shows the grams of NaCl needed to 

create a brine solution of the corresponding wt%. The density of each solution was measured for reference. 

The “# of boats of 75g” column shows the number of weigh boats needed to create the corresponding brine 

of the corresponding wt%.  

Table 8: Brine Recipe Table 

 
The Mettler Toledo digital balance is advertised as having a readability of 0.01g and 0.007g of 

repeatability. This scale is more than precise enough for the experiments taking place. The brine was mixed 

using a Corning PC-535 Stirrer shown in Figure 56. 

    
Figure 56: Corning PC-535 Stirrer alone (Left), Stirrer mixing 14wt% NaCl Brine (Right) 

 

The water was mixed at room temperature, and not heated using a hot plate. The NaCl brines were 

mixed in ~2-liter batches and were pumped through the shell section of the HEX1 using Pump2. Figure 57 

shows the finished 2L brine batches for use as a cooling fluid.  

 
Figure 57: Finished mixed brine of 14wt%, 7.5wt% and 3.5wt% NaCl. 
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DESALINATION SYSTEM 

Figure 58 shows the 10ml/min and the 100 ml/min (The 10X System) for a size comparison. The 

larger 10X system is equipped with 2 reactors and a larger pre-heating furnace. Future work will involve 

testing the 10X system with the furnace to compare system performance with system operation with a HEX 

replacing the furnace. 

 
Figure 58: 10 ml/min Cart (Left), 10X 100 ml/min Desalination System (Right) 

 

BACK PRESSURE REGULATOR 

Two back pressure regulators, BPR 1 and BPR2 are shown in Figure 59. BPR1 is used to set the 

pressure of the desalination system. BPR2 was added to the HEC to set the pressure to set the pressure of 

the cooling jacket of the heat exchanger undergoing testing. The thermocouple shown in the right image of 

Figure 59 is used to measure the temperature of the fluid before it flows out of BPR 2 into the cooling line 

discharge tank. The pressure of both back pressure regulators is set by the same regulator to them both at 

the same pressure. BPR1 has a PEEK plastic diaphragm. BPR2 on the HEC was outfitted with a stainless-

steel diaphragm as a precautionary measure to remove the possibility of melting the plastic PEEK 

diaphragm. PEEK melts at 343℃ (649.4℉). The exit temperature of either HEX cooling line can reach as 

high as 370℃ (698℉), which is enough to melt and weaken the diaphragm enough to cause problems. The 

316 Stainless Steel that the high temperature diaphragm is made from melts between 1375℃ to 1400℃ 

(2507℉ - 2552℉) which is well above the fluid exiting the HEX up for testing, therefore this is a safe 

acceptable option.  
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Figure 59: BPR1, located on the desalination cart (Left); BPR2 and Thermocouple, located on the HEC 

(right) 

 

PUMPS 

There are 2 types of pumps found in the supercritical fluid research lab. The pump used during the 

experiments were ELDEX 2SMP high pressure linear displacement piston pumps, as shown in Figure 60.  

 
Figure 60: HEX cooling jacket pump, Pump CAD model, desalination system pumps 

 

One pump was used for pumping water through the HEX cooling jacket, and another separate pump 

was used to pump water through the desalination system, both are the same model. There are 2 pumps used 

for experimentation and HEX characterization but in practice only 1 pump is needed on a SCWD system 

equipped with a heat recovery system. The ELDEX pump pistons are made of sapphire and seals with black 

Teflon as shown in Figure 61. 

   
Figure 61: ELDEX sapphire piston (Left) and piston seal (Right) 

 

Figure 62 shows the 10X SCWD system linear displacement diaphragm pump mounted to a cart 

with attached water and brine tanks.  
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Figure 62: 10X SCWD system linear displacement pump 

 

The brine and water tanks can be toggled on or off depending on the needs of the system or operator. 

Milton Roy Model: PK16N610NSSSNNN was mounted to a fabricated cart as shown in Figure 62. The 

pump weighs approximately 600 lbs. which is why it is on casters with brakes, so it can be easily moved 

around the lab for maintenance.  

 

HEAT EXCHANGER CART (HEC) DESIGN 

The HEXs are supported by a cart during operation. The heat exchangers need to be held in space 

horizontally because the density of the working fluid changes drastically as it cools down or heats up.  

The HEXs are held horizontally on a cart constructed out of extruded aluminum rail and are supported by 

4 wheels on casters with locking brakes as shown in Figure 63. 

 
Figure 63: HEC, with Pump 2, Furnace 2 and thermocouple measuring station. 

Each shelf is made from plywood. The heat exchanger is connected to the plywood with 4 

aluminum clamps per heat exchanger. The clamps when fully closed cannot clamp on to the ¾” shell tube 
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of the HEX, so a ¾” ID with a 1.5” OD 316 Stainless Steel shaft collar was added to increase the diameter 

so the clamps could be used. The clamps were radially available in the laboratory as standard equipment 

for the supercritical desalination systems produced. A custom clamp can be designed later to reduce heat 

loss from contacting the heat exchanger as the designer sees fit. The thermocouple cables were all attached 

to the top aluminum bar with reusable zip ties so the cables can be changed out when the pins wear out.  

The tanks holding the brine and water were mounted to the top rail and the lines were gravity fed into Pump 

2 for the HEX cooling shell. The heat exchanger was insulated using rockwool insulation. Fiber glass 

insulation may be used for this application, but it needs to be rated for temperatures greater than 450℃ to 

500℃. Traditional residential grade insulation is not recommended for this application.  The collection tank 

for the cooling water is also located on the cart as well as the back pressure regulator. The operator was 

able to stay within proximity of the system safely though out the experimentation and data gathering portion 

of this work.  

 

HEAT EXCHANGER DESIGN 

The HEXs designed for this work are both counterflow heat exchangers. Figure 64 shows a standard 

image of a counterflow heat exchanger and its flow paths. A counterflow heat exchanger is the opposite of 

a parallel flow heat exchanger, where both fluids flow in the same direction. Higher efficiencies can be 

achieved with a counterflow heat exchanger [4], [33], [43]. 

  
Figure 64: Counterflow Heat Exchanger (HEX) 
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Each heat exchanger is comprised of thick wall 316 stainless steel tubing and metallic compression 

fittings. 3/8” OD tubing is used for the hot center tube and ¾” OD tubing is used for the shell or cooling 

jacket; these terms are used interchangeably. The insulation shown in Figure 65 wrapped around HEX2 is 

a fiberglass tube wrapped in a white insulating, internally reflective material. 

 
Figure 65: HEX2 wrapped in Fiberglass insulation. 

 

The insulation is received with a longitudinally cut to allow the user to wrap it around a pipe as 

shown in Figure 66. The white material overlaps the longitudinal cut and is adhered to the other side of the 

cut to hold the insulation on the pipe insulated.  

 
Figure 66: c 

 

There is also a reflective surface on the inside of the white material that is intended to reflect 

radiating heat back at the pipe. The adhesive is protected with a paper strip that must be removed before 

the insulation is sealed. During operation the white surface was warm to the touch when system reached 
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steady state. The fiberglass changed to a brown color when it was heated. There was no visible smoke or 

burning. The rockwool and fiberglass insulation methods were the most convenient to install.  

 

OTHER HEX INSULATION METHODS CONSIDERED 

A heat exchanger that experiences temperatures that are vastly different than the surrounding room 

temperature needs to be insulated to boost efficiency and reduce heat loss to the surrounding environment.  

Castable ceramics, rockwool, fiberglass insulation as well as a vacuum evacuated shell were 

considered for the heat exchanger in this work. Rockwool offered the highest R-value for ease of installation 

and cost effectiveness. Vacuum fittings and vacuum system assembly methods can be applied to reduce 

heat loss to the surrounding environment thus increasing the effectiveness of the HEX [44], [45]. Figure 67 

shows a cross section of what a vacuum insulated heat exchanger would look like. The 2nd shell would be 

evacuated of air to reduce loss to the surrounding environment.  

 

Figure 67: Vacuum insulated double pipe HEX cross section concept 

 

HEX1 AND HEX2 GEOMETRIC COMPARISON 

Table 9 shows the different specifications of HEX1 and HEX2. HEX1 is shorter than HEX2 by 0.2 

meters. HEX1 has a smaller cooling shell volume space that could be filled with water. Both HEX1 and 

HEX2 use the same center tube for the hot line. HEX2 has a thicker shell wall, this is why it was used to 

test the brine, to preserve the structural integrity of the shell that is expected to occur due to corrosion.  
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Table 9: HEX1 and HEX2 Geometry and Characteristic Comparison Table 

 
 

Table 9 shows the thermal conductivity constant and thermal resistance of the hot tube for both 

HEX1 and HEX2. The thermal resistance of the stainless-steel changes with temperature changes [4]. As 

the temperature of the stainless-steel increases, the thermal resistance decreases [4]. Thermal resistance is 

a function of area, both heat exchangers have different heat transfer areas therefor the thermal resistance is 

different from HEX1 to HEX2. The thermal resistance equation for a tube is shown as 

𝑅𝑤𝑎𝑙𝑙 =
ln (

𝐷𝑜
𝐷𝑖

)

2𝜋𝑘𝐿
 

Where Do is the outer diameter of the tube, Di is the inner diameter of the tube, k is the thermal 

conductivity of the tube material, and L is the wall thickness [4], [33]. The total thermal resistance of the 

tube in a heat exchanger is shown as 

𝑅𝑇 = 𝑅𝑖 + 𝑅𝑤𝑎𝑙𝑙 + 𝑅𝑜 =  
1

ℎ𝑖𝐴𝑖
+

ln (
𝐷𝑜
𝐷𝑖

)

2𝜋𝑘𝐿
+

1

ℎ𝑜𝐴𝑜
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Where Ri is the thermal resistance of the fluid inside the tube, or the hot fluid, and Ro is the thermal 

resistance of the fluid surrounding the tube, in the case of the HEX discussed in this work, this is the cooling 

fluid. The fluid thermal resistances can be calculated if the convective heat transfer coefficient and surface 

areas are known [4], [33].  

Table 10: Thermal Conductivity and Thermal Resistance of HEX1 and HEX2 

 
 

The graph shown in Figure 68 compares the thermal conductivity value as a function of 

temperature. Titanium is more thermally stable than stainless steel across the same temperature range. 

Titanium is a more favored material for this application due to its corrosion resistance properties and its 

ability to remain thermally stable. The problem with using titanium would be the upfront cost.   

 
Figure 68: Thermal conductivity of 316 Stainless Steel compared to Titanium. 

The thermal conductivity of stainless steel was averaged over the corresponding temperature range 

yielding a value of 16 W/m·K. To find ho and hi the following equation was used.  
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ℎ𝑜,𝑖 =  
𝑄(ℎ1, ℎ2, 𝑚̇)

𝐴𝑜,𝑖 (𝑇1 − 𝑇2)
 

Where Q as a function of changer in enthalpy multiplied by the mass flow rate divided by the 

product of surface Area of the outer diameter of the hot line and the difference between the hot entrance 

temperatures T1 and the exit temperature T2. This equation yields the thermal conductivity of the inner fluid 

as hi and the outer fluid as ho. 

 

TWISTED TAPE DESIGN FEATURE 

Design features such as a wrapped wire, dual wrapped wire and a twisted tape can be applied to the 

inside bore and annulus region to aid in mixing. The Reynolds numbers found were low, in the 0 to 20 range 

and showed the flow to be extremely laminar. Turbulent flow is known to increase mixing which is known 

to increase heat transfer within heat exchangers [46], [47]. If the value of transferred heat is increased a 

small amount these design features can be useful if the process is running continuously over a long period 

of time. If the short-term gains are small, they will add up over time. A rupture disk will be added to the 

design to prevent any damage to the HEX if the pressure spikes to an unsafe level. A rupture disk can also 

control the venting of excess pressure like a blow off valve should something go wrong. The tubing 

considered is rated for 103.4 MPa, 1034 Bar, (15,000 psi).  

 
 

  
Figure 69: Twisted tape and spiral wrapped wire illustration and cross section views 
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A custom heat exchanger that was designed for a SWD-ZLD system is presented in, Van Wyk [15].  

A wrapped helical wire was added to the heat exchanger to prevent the inner tube from contacting the outer 

tube. [15], [37]. The twisted wire was added to prevent the center tube from contacting the outer shell tube 

because the gap was small and close to the thickness of the wire. The twisted wire that was added may have 

increased mixing and turbulence within the fluid causing a slight increase in the heat transfer coefficient. 

Recommended materials for tubing and fittings include high corrosion resistance such as 316 Stainless 

Steel, Titanium, Hastelloy C276, Inconel, Monel, or 254 SMO, another grade of highly corrosion resistant 

stainless steel. 

 

FLOW MEASUREMENT 

The flow rate is shown on a digital display on both Pumps 1 and 2. The flow rate was periodically 

checked using a small beaker and a timer. The researcher would place the beaker under the outflow line and 

catch the water dripping before it entered the product output tank. The timer would begin when the first 

droplet contacted the bottom of the beaker. Once the A flow meter was purchased but later found to be 

unnecessary.  

 

TEMPERATURE MEASUREMENT 

All temperatures measured in this study were captured using J-type thermocouples. The 

thermocouples used to measure the fluid temperature inside the HEX’s were ¼” diameter stainless steel 

probes. The thermocouples used to measure the fluid temperature at different points in the process were 

1/8” diameter. The thermocouple cable was shielded with a fiberglass wrap if it contacted a hot surface. 

The 1/8” diameter thermocouple shown in the left of Figure 70 was used to measure the reactor exit 

temperature before the fluid entered Furnace 2. All thermocouples used were equipped with a stainless-

steel sleeve to protect the weld at the tip where the 2 different metallic wires met. 
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Figure 70: 1/8” X 12” Thermocouple that was used to measure the Reactor exit temperature (Left); ¼” 

Diameter 6” long Thermocouple with metallic compression fitting (Right) 

 

Figure 70 shows a thermocouple that was removed from a heat exchanger after the experiments 

were conducted. The ¼” and 1/8” diameter thermocouples were held in the path of the fluid flow within the 

heat exchanger by metallic compression fittings. The thermocouple cables used were purchased at a specific 

length such as 10 or 15 feet. For custom systems a custom length thermocouple can be made. Custom length 

thermocouple wires were not used in this study to save fabrication time. The thermocouple meter shown in 

Figure 71. 

 
Figure 71: Prostor Thermocouple Meter 

 

The Prostor meter used in this work withstood approximately 120,000 insertion cycles and could 

read accurate temperature measurements after these points were taken.  

 

CONDENSER 

The condenser used in the desalination system is shown in Figure 72. This condenser is a COTS 

part purchased from a company that specializes in high pressure systems. The condenser is constructed of 

titanium tubing and machined parts. The design is essentially a tube in shell HEX. The tube ends are metallic 

compression fittings and the two holes shown in Figure 72 are a 1/16” Pipe thread. The center tube is where 

the desalination systems working fluid is condensed and the outer shell is where the 50/50 ethylene glycol 
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coolant mix flows. The condenser coolant can be set up for parallel flow or counterflow. Previous 

experimentation showed there is little effect of the coolant flow direction on the produced product.  

 
Figure 72: Titanium Condenser 

 

GAS SEPERATOR 

The gas separator is a mechanical component that is intended to fill up with water to a level and 

prevent the nitrogen from flowing out of the system. The gas separator and condenser combination are 

necessary for the “gas loop” to work. The gas separator could also be called the expansion chamber. By 

increasing the volume, the gas fills the temperature could decrease by a small amount thus increasing the 

effectiveness of the assembly that is built for cooling off the fluid exiting the reactor in preparation for 

collection. The tank used as a gas separator is a Swagelok 316L-50DF4-300, double ended DOT- Compliant 

Sample Cylinder rate for 5000 psi (344 Bar), this item is shown in Figure 73. 

 
Figure 73: New unused Gas Separator 

 

The gas separator tank was held in place by an aluminum clamp like the clamps shown in Figure 73.  

 

CONDENSER GAS SEPERATOR ASSEMBLY 

The condenser and the gas separator are both attached to a “CROSS” or a 4 female port fitting. The 

fluid exiting the reactor enters the condenser-gas-separator assembly in the middle, where the reactor exit 

temperature/condenser entrance temperature is measured. Theoretically the reactor exit temperature is 

higher than the condenser exit temperature, but it can be assumed these temperatures are the same because 

they are so close in value and proximity. The fluid then travels into the condenser because it is hot because 
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hot vapors rise. The heat is then removed from the fluid causing it to condense to the inside wall of the 

center condenser tube. The water droplets then fall to the bottom of the gas separator and then the fluid 

level rises. The liquid water that accumulates in the bottom acts as a “seal” and prevents the nitrogen from 

exiting the Back Pressure Regulator flowing into the collection tank at the end of the process as produced 

water. The valve (V3) at the bottom of the gas separator can be used to regulate the water level inside the 

gas separator. If the water level gets too low, there will not be enough water to block the nitrogen from 

exiting the system. The system pressure will push the little amount water that is remaining in the gas 

separator out of the system causing a pressure drop. If the pressure drops too fast the gas loop is broken and 

an equivalent amount of nitrogen that was lost needs to be put back into the system. The gas separator 

assembly shown in Figure 74 does not show the rest of the desalination system or any tubing. 

    
Figure 74: SolidWorks Condenser gas separator assembly (Left) and picture of thermocouple inside 

(Right) 

 

The clamp holding the gas separator mounts the assembly to the desalination system frame. Valve 

3 (V3) is located at the bottom of the gas separator. The A2001HC Reflux/Take-off condenser is modified 

from original specifications to create what is shown in Figure 74. The 1492HC Helix insert was installed 

in the condenser center tube during experimentation.  
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SUPERCRITICAL WATER REACTOR 

The reactor is produced by a company that specializes in producing high pressure processing 

equipment. The reactor is constructed of a thick-walled stainless-steel cylinder, with a flange and a seal at 

the top side. The reactor is where the action of desalination takes place. The reactor is encased in a heavily 

insulated heater that is connected to a temperature controller. During startup the first large system element 

that the nitrogen passes through is the reactor. The first Furnace (F1) out flow line runs over the top of the 

pressure gauge and into one of the inlet ports atop the reactor as shown in Figure 75. The reactor also 

contains a thermal well. A thermal well is a tube that a thermocouple rests in while it is recording 

measurements. The purpose of a thermal well is to allow the operators to change the thermocouple during 

processing, so the system does not need to be depressurized then emptied just to replace the thermocouple. 

It saves down time during routine maintenance.  

   
Figure 75: The Reactor (R1) in situ (Left), Reactor in vise for routine maintenance (Right) 

 

The reactor also has a rupture-disk module attached to the top of the entry ports which flows into a 

discharge tank that is on the lower shelf of the cart below the reactor. Figure 76 shows 2 other reactors 

before installation into a larger system. The Reactor Top that is on the table has an exposed dip tube and an 

exposed thermal well. 

 
Figure 76: Reactors and accompanying components 
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The reactor controller is shown in Figure 76. The red thermocouple meter was placed here for early 

experiments and was used to monitor the temperature of the fluid entering the condenser which is the same 

as the temperature of the fluid exiting the reactor.  

 
Figure 77: Reactor Controller 

 

The reactor controller acts like a thermostat and adds heat as needed to maintain a set point. This 

thermal cycling action causes the measured temperatures to oscillate up and down during data collection.  

 

 

HEX COOLING JACKET RETURN LINE ICE BATH 

Figure 78 shows the cooling jacket return line ice bath coil. The coil shown in Figure 78 is 

submerged in an ice bath to cool the fluid before it flows into the collection tank. Figure 78 also shows the 

in-floor drain grate that surrounds the working area of the ECU LSBB High Bay.  Another reason for cooling 

the water down was so that the density meter could accurately measure the density of the output fluid. The 

density meter is equipped with an internal thermocouple that measures the fluid sample temperature. Its 

temperature resolution is 0.1℃, the temperature accuracy is +/- 0.2℃. Figure 78 shows the lab ice machine 

where the ice for the ice bath was sourced. 

    
Figure 78: Ice Bath Cooling Coil (Left), Ice Bath (Center), Ice machine (Right) 
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The ice bath cooling coil is produced with 1/8” OD, 0.059” ID 316 SS high pressure tubing. The 

coil has a 4-inch ID, ~20 revolutions and is about 1 ft long. A close up of the cooling coil is shown in Figure 

79. 

 
Figure 79: Closer view of the cooling coil. 

 

The cooling coil tube was 26 feet long. The coil began at the midpoint and was offset from the tube 

length midpoint within 2 feet.  

 

DATA ANALYSIS METHODS 

The data was collected in a spreadsheet and was manually recorded from measurements taken with 

various types of equipment. The data was later analyzed, and graphs were created. These graphs and 

analysis are discussed in the Results chapter of this work. Some data that was recorded was removed due 

to errors found with the equipment. Two of the thermocouples were found to be mounted to close to the hot 

line within the cooling jacket of the heat exchanger.  

 

 

 



 

 

CHAPTER 3 RESULTS 
 

INTRODUCTION 

This chapter will present data and analysis of the data collected during experimentation. These 

experiments characterized the two fabricated heat exchangers under similar conditions and developed 

thermophysical properties useful for the design of heat exchangers under supercritical conditions. These 

properties are either scarce or missing in the scientific literature for supercritical fluids in heat exchanger 

systems. The purpose of these experiments was to characterize both heat exchangers under conditions that 

are similar enough to determine how the different geometry effects the heat exchanger performance. The 

hot lines of the heat exchangers were networked in series, the exit line of the cooling jacket of the HEX 

being experimented on was ran through a cooling coil. The cooling jacket of the second heat exchanger was 

not filled with water, only air. The purpose of separating the cooling jackets was to isolate each heat 

exchanger from the effects of the other heat exchanger to characterize them both individually. This 

separation also protected the isolated HEX in case anything went wrong during experimentation. HEX1 

was tested separately with salt to keep HEX2 clean and ready for testing in the large 10X desalination 

system which functions at a flow rate of 100 mL/min. It is determined that the heat exchangers can be 

networked based on the temperatures shown by the results. For example, the temperature of the fluid exiting 

Furnace 1 or the fluid entering the Reactor of the desalination system is approximately 250℃. The 

temperature of the cooling jacket exit line of HEX1 under operating conditions is approximately 350℃, 

therefore HEX1 can be used in place of the Furnace, thus saving energy.  

 

EXPERIMENTAL RESULTS 

Each heat exchanger experienced a range of pressures and temperatures, and brine concentrations 

as shown in Table 11. Both HEXs were tested at 225, 230 and 240 Bar over a range of temperatures from 
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380℃ to 420℃ in increments of 10°. HEX1 was operating at a pressure of 230 Bar and 410℃ with brine 

as a cooling fluid after data for all the other pressure temperature combinations was collected.  

Table 11: Experiment Run List 

 
* Hot Line Inlet Temperature is also defined as T1 

The system will begin at ambient temperature, the heat sources will be turned on, the system will heat up, 

settle at a steady state temperature, and then be allowed to cool down passively by removing the heat added 

to the system.  The data collected during experimentation is expected to have the form shown in Figure 80.  

 
Figure 80: Expected geometry of data collected. 
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FURNACE VALIDATION STUDY 

Furnace 2 with the added furnace coil was tested prior to gathering experimental data.  Figure 81 shows 

how the equipment was set up for this study. Both pumps were pumping DI water. No brine was used to 

characterize the F2 Coil.  

 
Figure 81: Furnace Coil Validation system setup. 

 

The objective of this validation study was to test to make sure that the furnace coil can reach a measured 

T1 temperature of 450℃ and sustain a steady state for approximately 20 minutes without sustaining any 

damage to the coil.  The purpose of the F2 Coil was to lower the F2 set point. This increases system safety 

and reduces energy consumption. This test was a success. The F2 coil was used for all experiments 

expressed in this paper. The F2 coil was changed 1 time to a coil that was produced the exact same way as 

the first. The timeline of events for the furnace performance test shown in Figure 82 is shown in Table 12. 

To collect the data shown in Figure 81 the Reactor was by-passed, and a tube was connected to the furnace 

coil of F2 at the left side and room temperature deionized water of ~20℃ (68°F) was pumped at a rate of 

10ml/min. 
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Table 12: Events Timeline of Furnace 2 Coil Test 

 

 
Figure 82: Furnace coil test data 

 

A T1 value of 450℃ was exceeded during the test. This test was under low pressure to increase 

safety and to force the furnace to heat the fluid from room temperature to 450℃. Based on what is known 

about the thermophysical properties of supercritical water, if the furnace can heat the ~20℃ liquid water to 

450℃, then the furnace can be used to control the entrance temperature of the HEX so a range of entrance 

temperatures can be tested. The desalination system was not running during this test and there is no HEX 

thermocouple data available from this test. The test was focused on the furnace coil performance only. The 
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missing data was not collected.  The timeline of events table shows the F2 Set point, F2 actual temperature 

and the temperature of T1. 

The set point temperature was gradually increased to 500℃ (932°F). The set point temperature (F2 

Set Pt), the measured internal furnace temperature (F2 Temp) and the furnace coil exit temperature (T1) 

were all recorded to test if the coil could produce an exit temperature (T1) exceeding 420℃ (788°F) while 

the fluid entering the furnace begins at room temperature. The pressure for the furnace tube test began at 

80 Psi (5.5 Bar). The pressure was kept low for safety concerns as this was an initial test. The highest 

pressure reached during the Furnace Coil test was 376 Psi (26 Bar). The pressure gradually increased until 

there was a “popping” sound heard inside the heat exchanger, that persisted as the pump kept pumping in 

new water. This is believed to be boiling. The reason Nitrogen is added to the system first is to pre-pressurize 

the system to prevent boiling. Boiling can cause sporadic pressure spikes which are not easily controlled 

which can cause an unsafe condition. When the system volume is low and the fluid is liquid, as the 

temperature increases past the boiling point boiling may occur if the pressure is low. The raw data can be 

requested from the author or the institution. The furnace coil test data proves the furnace with the coil is 

more than capable of providing enough energy to raise the temperature to the points necessary to 

characterize the heat exchanger and the fluid passing through it.  

 

FURNACE SETTINGS FOR HOT INLET LINE 

Figure 83 Shows the furnace set points necessary to achieve the range of hot line entrance 

temperatures called for by the experiment at different pressure settings. For example, to achieve at T1 value 

of 400℃ while the system is at 240 Bar an F2 set point of 550℃ is required. HEX2 has a greater Heat 

Capacity because the cooling jacket can hold 1.5 times more water than the cooling jacket of HEX1. While 

HEX2 was being evaluated it was found that the inlet tube was too long. The longer inlet tube increases the 

tube length from the exit of the furnace to the first temperature measurement probe. The longer the tube is 

the more heat is lost causing the temperature to drop which would increase the demand from the furnace 

causing the settings to increase. For the first 2 data points of HEX2 were collected with the longer tube, the 
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fittings were then changed to a shorter configuration which lowers the demand of the furnace which 

decreases the furnace set point to achieve the same hot line entrance temperature.  

 
Figure 83: Furnace 2 Set points for HEX1 T1 temperature 

 

 

Data for hot line entrance temperatures of 400℃, 410℃, and 420℃ were not recorded during the 

experiments for HEX2 at the pressure of 230 BAR. There may have been problems with the insulation of 

HEX2.  The entrance of HEX2 was too long and the heat capacity of HEX2 is greater than HEX1 by 1.5 

times, because HEX2 is longer and has a thinner shell wall tube. This is why at the first 2 temperatures of 

380℃ and 390℃ the HEX2 Furnace setting is larger than that of HEX1. After the first set of temperatures 

for 380℃ and 390℃ entrance temperature were collected at all 3 pressures the fittings connecting Furnace 

2 to HEX2 were changed, because using the longer fittings for the higher temperatures of 400℃, 410℃ 

and 420℃ exit temperatures would demand a higher Furnace 2 setting which is unsafe for the furnace coil. 

The furnace coil max allowable run temperature was 700℃. If the longer fittings remained the temperature 

of the furnace setting would have exceeded 700℃. Based on the information this shows that when 

positioning the HEX on the reactor the tube connecting the heat exchanger to the reactor must be as short 

as possible. 
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BRINE SOLUTION VALIDATION 

To validate the brine produced for the HEX1 experiments, lines 29-30 in Table 11, a calibration 

curve was created. The DI-H2O and NaCl were mixed in solutions of increasing concentrations, from 0 to 

15wt% NaCl, then measured with the electrical conductivity meter. Electrical conductivity was chosen as 

an evaluation metric because it provides a better indication of salt concentration in terms of charge per 

length rather than pH. The scale of conductivity, 0-∞, is also of much higher resolution then the pH scale, 

0-14. The brine was mixed 100 mL at a time then the conductivity was measured. Table 13 shows the values 

of the graphical data shown in Figure 84, which shows the brine calibration curve. The small batches of 

brine used to generate the calibration curve were disposed of once the data was collected. 

 

 
Figure 84: Brine Conductivity Calibration Data 
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Table 13: Brine Conductivity Calibration Curve Data 

 

When the brine was produced in batches of 2 Liters for the HEX1 brine with heat experiment the 

density and conductivity were measured and recorded as shown in Table 14. The 2 Liter batches were then 

pumped through the cooling jacket of HEX1 to determine the time necessary to replace the DI-H2O with 

brine concentrate. 

Table 14: 2-Liter Brine Batch Conductivity 

 
 

Figure 84 shows a linear increasing relationship between brine solution concentration of NaCl and 

the conductivity of the fluid. This data was collected to provide a reference for the operator to determine 

the concentration of the fluid inside of the cooling jacket of HEX1. The electrical conductivity of the 

samples collected was measured to determine if there was any salt lost inside the heat exchanger during 

experimentation. If too much salt is lost or desalinated inside the cooling jacket of the heat exchanger there 

could be a buildup of fouling that could cause a drop in pressure and flowrate. A pressure drop that is to 

large can cause a breakdown of the thermophysical design intention of the heat exchanger leading to a 

system failure. 
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HEX1 BRINE CONCENRATION STUDY 

The system configuration set up for the HEX1 cooling jacket brine concentration study is shown in 

Figure 85. The purpose of this study is to determine how long it takes to fill the volume of the cooling side 

of HEX1 with DI-H2O and Brine of varying concentrations. The equipment not shown in Figure 85 was 

still set up in preparation for the main experiments but is not shown to show what relevant to the Brine 

Concentration Study.  

 

Figure 85: HEX1 Brine Concentration Study Cooling Test Setup 

An additional brine validation study was performed using the cooling jacket of HEX1. The purpose 

of this study was to determine the conductivity level of the brine within the cooling shell as it mixes with 

the DI-H2O to eventually determine when the brine replaces the DI-H2O. By determining the conductivity 

level, the system operator can know when the fluid in the HEX1 cooling shell has reached close to 100 % 

brine which is when the salinity of the cooling jacket has reached a steady state in preparation for data 

collection. The following data was collected at low pressure and without heat. Pump 2 was used to pump 

the DI-H2O and brine. A measurement was taken approximately every 2 minutes. The BPR was not 

increased, the pressure of the system was approximately 100 psi during this test. There was no heat applied 

to the HEX, the purpose of this test was to investigate how long it takes to fill the HEX cooling jacket with 
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brine while the pump is running. The length of time it takes to push out all the DI-H2O and replace it with 

brine was determined to be 10 to 15 minutes. Table 15 shows the concentration study events timeline.  

Table 15: HEX1 Brine Concentration Study Timeline of Events 

 
  

 
Figure 86: Conductivity of Brine solution experiment results 
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The three peaks shown in Figure 86 represent the steady state of the brine solution at maximum 

concentration of 3.5%wt, 7.5%wt and 14%wt NaCl when flowing through the cooling side of HEX1.  

 

DEIONIZED WATER STABILITY AT STAGNANT CONDITIONS 

A 250 mL beaker of DI-H2O was left in the lab overnight, the conductivity was measured at 0 hours, 

3 hours later than 13 hours later. There was a slight increase in conductivity of 0.5 μS, which in comparison 

to the rest of the conductivity measurements it is concluded that leaving DI-H2O in the tanks for an extended 

period has little effect on the conductivity of the liquid. The maximum electrical conductivity measured 

was 180221 μS/cm, 0.5 μS/cm is 2.77E-5% of the max value which is within the repeatability of the 

conductivity meter. Therefore, the DI-H2O used in this study is electrically stable and measuring the 

conductivity can be used to indicate the salinity of the water.  This conclusion substantiates the conductivity 

data presented.  

 

LAB EVAPORATION RATE 

In another instance a 10mL graduated cylinder was left in the lab for 1 day. It was determined that 

the evaporation rate of the room is less than 1 mL per day. The purpose of testing the room evaporation rate 

was to determine if there was any loss of water from the tank over time. If the evaporation rate is high the 

salt concentration of the brine would change which could possibly invalidate the data collected. If this 

experiment was not in a controlled environment, the brine could have increased in salt concentration enough 

to alter the results.  

 

HEX1 

Figure 87 shows the instrumentation added to the heat exchanger to collect pressure and 

temperature data. The hot line is measured by thermocouples at T1 through T3 and the cold line is measured 
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by T6 through T10. T4 and T5 measure the temperature of the Feed Water Heater (FWH) and the condenser 

entrance temperature.  

 
Figure 87: HEX1 Instrument Layout 

 

Figure 88 shows data from an earlier test of HEX 1 while it is connected to the desalination system. 

T1 is at the exit of F2 therefore it will be the hottest of the 3 temperature readings. T5 and T11 were unused 

cables at this point of early testing. T12 was the ambient temperature of the room, which is not shown in 

this example, it remained around 20-22℃. The Reactor (R1) Temperature, Furnace 1 internal temperature, 

Furnace 2 internal temperature are all shown. The red line at 374℃ is the critical temperature of H2O, it is 

strictly graphed for reference.  

 
Figure 88: Plotted temperature and time data for HEX1 during early stages of system testing 
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The event schedule of the plotted data is in accordance with Table 16. Data for HEX 2 was not recorded 

during this test.  

Table 16: Timeline of events for Figure 88 

 
 

The purpose of showing the data collected in Figure 88 is to show the response of the heat 

exchanger under different conditions. Note that the Furnace setting is near 750℃. This data was recorded 

before the furnace coil was added to F2.  

 
Figure 89: HEX1 Temperatures over time during early system test. 

 

 



80 

 

Table 17: Timeline of Events for Figure 89 

 
 

 

HEX2 

Figure 90 shows the instrument labeling scheme applied to HEX2 during experimentation. The 

purpose of this image is to provide a reference for the thermocouple locations for the following graphs. The 

hot line is shown in red, where T1 is the hottest and T3 is the coldest. The cold line is shown in blue where 

T4 is the coldest and T8 is the hottest.  

 
Figure 90: HEX2 Instrument Layout 

 

HEX1 WITH BRINE AS A COOLING FLUID 

The salt used to create the brine that was pumped through the system was 99.99% lab grade NaCl. 

3 different concentrations of brine were pumped through the cooling jacket of HEX2, 3.5%wt, 7.5%wt and 
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14%wt NaCl. While the brine was being used as If was found during data collection that the pressure was 

not as stable as DI-H2O.  

 

Figure 91: HEX1 at 230 Bar with a hot line entrance temperature of 410℃ with NaCl Brine of varying 

concentrations as a cooling fluid compared to DI-H2O 

 

HEX1 & HEX2 TEMPERATURE COMPARISON 

The following graphs and figures show the property listed at the pressures of 225, 230, and 240 Bar 

at the set hotline inlet temperatures of 380℃, 390℃, 400℃, 410℃ and 420℃. The data from T7, and T9 

in HEX1 and the data from T5 and T7 in HEX2 were removed on the following graphs to make data 

comparison and analysis more time efficient. It was found that the thermocouple height within the HEX 

that collected the data that was removed was inconsistent which made data comparison misleading. The 

Data collected for the other thermocouples is valid and of good comparison. The data that is shown in a 

format like Tables 18 and 19 is calculated using 21 different temperature points to collect information from 

REFPROP. The average temperature in Table 18 and Table 19 is the average temperature of 21 points, each 

point recorded every 5 minutes. The standard deviations shown in Table18 are also calculated from 21 
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different temperatures. The standard deviations shown in Tables 18 and 19 are shown as error bars in Figures 

97 and 98.  

Table 18: Temperature values and Temperature Standard Deviations for HEX1 

 

Table 19: Temperature values and Temperature Standard Deviations for HEX2 
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The graphs shown in Figures 92 and 93 are a visual representation of the data shown in Tables 18 

and 19. Figure 92 shows the data of the hot line as the red dots and the data shown for the cold line in blue 

as well as points of thermal instability encircled in red. 

 
Figure 92: Temperature at Probed Positions of HEX1 at 225, 230 and 240 Bar 

 

 
Figure 93: Temperatures at Probed Positions of HEX2 at 225, 230 and 240 Bar 
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Figure 94: Temperature of Probed Positions in HEX1 with a Hot line entrance temperature of 410℃ at 

3.5%, 7.5% and 14% NaCl under a pressure of 230 Bar, shows sample standard deviation as error bars. 

 

 

HEX1 & HEX2 REYNOLDS NUMBER 

The Reynolds number calculated is a range because the flow is not constant because the linear 

displacement pump is pulsing as it pumps the flow is not a constant stream. The flow rate is effectively 

10ml/min as indicated by the pumps, but the fluid is not constantly in motion because the pumps are linear 

displacement pumps. The volumetric flow rate used is average.  

If the Reynolds number is greater than 2300 then the flow is considered turbulent. If the Reynolds 

number is below 2300 then the flow is considered laminar. Turbulent flow occurs at Reynolds numbers 

above 2300. Flows around 2300 are considered in the transition region [4].  

The Reynolds numbers are calculated based off the kinematic viscosity, calculated velocity and 

known inner diameter of the central tube and the calculated hydraulic diameter of the annulus region 

surrounding the central tube. The Reynolds numbers calculated for fluid in the hot line are all below 400 

and greater than 0. The Reynolds numbers calculated for the fluid in the cooling line are all greater than 0 

but less than 1.  
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Density 

The densities of the water flowing through both HEX1 and HEX2 are shown in Table 20. These 

densities were converted to kg/cm3 and used to calculate the flow velocity used to calculate the Reynolds 

number. The diameters used to calculate the Reynolds number were found by checking the data sheet from 

tubing manufacturer and checking the physical dimensions of the tubing with digital calipers. 

Table 20: Density of H2O that flows through HEX1 and HEX2 

 

The density of the water increases as temperature decreases and the density decreases as the temperature 

increases. The data collected during experimentation is inline with the thermophysical properties of water 

that were plotted in preliminary research. The density of water is shown to increase as the fluid cools down 

as well as increase as the temperature of the fluid increases  

 

Kinemetic Viscosity 

Data for the kinematic viscosity of the water flowing through HEX1 and HEX2 are shown in Tables 

21 and 22. The data in Tables 21 and 22 was produced by entering the temperature and pressure from the 

data collected during experimentation. The kinematic viscosities were used in calculating the Reynolds 

number for the probed locations along HEX1 and HEX2.  
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Table 21: Kinematic Viscosity and Standard Deviations at Positions of HEX1 at 225, 230 and 240 Bar 

 
 

Table 22: Kinematic Viscosity and Standard Deviations at Positions of HEX2 at 225, 230 and 240 Bar 

 
 

Figures 95 and 96 are the graphical representations of Tables 21 and 22. The standard deviations 

are shown as error bars.  
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Figure 95: Kinematic Viscosity at Probed Positions of HEX1 at 225, 230 and 240 Bar 

 

 

 
Figure 96: Kinematic Viscosity at Probed Positions of HEX2 at 225, 230 and 240 Bar 

 

The Reynolds number was calculated using the Kinematic viscosity, flow velocity and hydraulic 

diameter of the fluid flow through the HEXs. The Reynolds Number values are shown in Table 23 and 24.  
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Table 23: Reynolds Number and Reynolds Number Standard Deviations for HEX1 

 
 

Table 24: Reynolds Number and Reynolds Number Standard Deviations for HEX2 

 
 

The maximum and minimum values of the Reynolds number are shown in Table 25. 

 

Table 25: Reynolds Number Summary Table 

 
 

The graphs shown in Figures 95 and 96 are a visual representation of the data shown in Tables 23 

and 24. The maximum value of the Reynolds number in HEX2 was close to 335. The minimum Reynolds 

number values were close to zero and found in the cold side of the HEX, this is because the flow area in 
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the annulus region is larger than in the central tube. All flows are found to be less than 2300 which means 

the flow is very laminar.  

 
Figure 97: Reynolds Number at Probed Positions in HEX1 

 

 
Figure 98: Reynolds Number at Probed Positions in HEX2 
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HEX1 & HEX2 PRANDTL NUMBER 

Figure 26 and Figure 27 show the Prandtl numbers at the probed points along HEX1 and HEX2. 

The Prandtl number values were found using REFPROP at all the temperatures recorded during an 

experiment. This list of 21 values was then averaged and standard deviation was also calculated. The 

standard deviation is shown as the error bars on each point. Table 28 shows the Prandtl number summary 

for HEX1 and HEX2.  

Table 26: Prandtl Number and Prandtl Number Standard Deviations for HEX1 

 
 

Table 27: Prandtl Number and Prandtl Number Standard Deviations for HEX2 

 
 

Table 28: Prandtl Number Summary Table 
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The graphs shown in Figures 99 and 100 are representative of the data shown in Tables 26 and 27.  

 
Figure 99: Prandtl Numbers at probed positions in HEX1 

 

 
Figure 100: Prandtl Numbers at probed positions in HEX2 

 

HEX1 & HEX2 CONDUCTIVE HEAT TRANSFER COEFFICIENT 

 

The conductive heat transfer coefficient or k value describes how well a material transfers heat 

conductively through physical contact. Liquids, solids, and gases all have a conductive heat transfer 
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coefficient. The validity of using k is to be determined by the Nusselt number. If Nu is greater than 1 then 

there is more convective heat transfer if Nu is lower than 1 there is more conductive heat transfer. Tables 

29 and 30 show the conductive heat transfer coefficient values for H2O in HEX1 and HEX2.  

 

Table 29: Conductive Heat Transfer Coefficient and Standard Deviations for HEX1 

 

Table 30: Conductive Heat Transfer Coefficient and Standard Deviations for HEX2 

 

The graphs shown in Figures 101 and 102 are a visual representation of the data shown in Tables 

29 and 30.  
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Figure 101: Thermal Conductivity of H2O in HEX1 at 225, 230 and 240 Bar 

 

 
Figure 102: Thermal Conductivity of H2O in HEX2 at 225, 230 and 240 Bar 
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HEX1 & HEX2 SPECIFIC HEAT 

The specific heat of the hot and cold fluid is shown in Figures 31 and 32. Like the Prandtl number 

these values were found by entering the recorded temperatures and pressures into REFPROP using 21 

different temperatures and pressures collected when the HEX’s reached steady state.  

Table 31: Specific Heat Capacity and Standard Deviations for HEX1 

 

Table 32: Specific Heat Capacity and Standard Deviations for HEX2 

 

The graphs in Figures 108 and 109 are a visual representation of the data shown in Tables 31 and 

32 for HEX1 and HEX2.  
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Figure 103: Specific Heat of H2O at probed positions in HEX1 

 

The highest specific heat occurred at the hot line entrance of the 240 Bar 380℃ inlet temperature 

case of HEX1. The specific heat is increasing as the pressure increases if the inlet temperature is 380℃ as 

shown in both HEX1 and HEX2. 

 
Figure 104: Specific Heat of H2O at probed positions in HEX2 
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ENTHALPY 

The enthalpy values enthalpy values of H2O flowing through HEX1 and HEX2 in kJ/kg are shown 

in Table 33. Enthalpy is used to calculate the heat lost to the ambient environment and the cold fluid.  

 

Table 33: Enthalpy values of H2O flowing through HEX1 and HEX2 in kJ/kg 

 

HEX1 & HEX2 NUSSELT NUMBER 

The Nusselt number is the ratio of convective heat transfer over the conductive heat transfer that is 

commonly represented by the following equation [4], [33], [43].  

𝑁𝑢 =  
ℎ𝐷

𝑘
 

 

h = Convective heat transfer coefficient of the fluid (W/m2·℃) 

D = Diameter of the tube or L as a characteristic length of a plate (m) 

k = Conductive heat transfer coefficient of the fluid (W/m·℃) 

 

The Nusselt number for supercritical water within a heat exchanger can be found by measuring the 

temperatures and pressures along the length of the heat exchanger and finding the values of the thermal 

conductivity value k and the thermal convective heat transfer coefficient h. The values for k can be found 

with REFPROP. The characteristic dimension D or L is known or measured. The value of h can be calculated 
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by finding the difference in enthalpy of the fluid at the exit and entrance of the hot line multiplying this 

difference by the mass flow rate. Q is then divided by the surface area of the inner and outer tube multiplied 

by the change in temperature. This method yields much higher Nusselt numbers than the literature provides 

for constant heat flux or constant surface temperature, which are both not valid for the application of a 

supercritical water heat exchanger. The Nusselt numbers for heat exchange under supercritical water 

conditions are shown as well as the calculated convective heat transfer values.  

 

Table 34: OHTC, Effectiveness, Total Thermal Resistance, Convective Heat Transfer Coefficient, Nusselt 

Number for HEX1 

 
 

 

Table 35: OHTC, Effectiveness, Total Thermal Resistance, Convective Heat Transfer Coefficient, Nusselt 

Number for HEX2 
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Table 36 shows the Nusselt number maximum, minimum and average of the calculated Nusselt 

number values based on the temperatures and pressures that were collected during experimentation. The 

overall maximum, minimum, and average values include the Nusselt numbers that were found during the 

brine study that was conducted on HEX1. The Nusselt numbers that were collected for the hot and cold side 

of both heat exchangers do not include the Nusselt numbers for the brine study.  

Table 36: Nusselt Number Summary Table 

 

Table 37 and Table 38 show more extensive Nusselt number values for the different pressure and 

temperature scenarios for HEX1 and HEX2. The summary table is a condensed version of Tables 37 and 

38. 

Table 37: Nusselt Number Results for HEX1 
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Table 38: Nusselt Number Results for HEX2 

 

 

PRESSURE DATA 

The pressures were hand recorded while reading off a digital pressure gauge during 

experimentation. The pressures were consistent enough to consider the temperature values collected during 

experimentation. The pressure of P2, P3, P4, P5 are shown in Tables 39 and 40, these points correspond to 

the process diagrams presented in this work. P1 was not included because it was a large analog pressure 

gauge mounted to the top of the reactor. It has been determined that the pressure reported by the pressure 

gauge at P1 is inaccurate because the heat from the reactor affects the value shown on the gage. This same 

phenomenon was observed at the analog pressure gauge near the furnace at the inlet of the HEX being 

tested.  The analog gauges mounted at the HEX hot entrance also showed a 50 psi (3.45 Bar) difference 

over the length of the heat exchanger when the temperature of the fluid was increased, at low temperatures 

the pressures at the inlet and outlet read the same value to the precision level of 50 Psi (3.45 Bar).  The 

averages shown in Tables 39 and 40 are from the 21 data points taken at steady state conditions. The pressure 

effects the thermophysical properties of the fluid as shown in the thermophysical data presented in this 

work.  
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Table 39: HEX1 Pressure data summary table 

 

Table 40: HEX2 Pressure data summary table 

 
 

To have confidence in the data collected it is necessary to determine if the data collected is accurate 

enough to be scientifically valid. The set pressure for the experiment is shown as “Pressure (Bar)”. The Hot 
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line inlet temperatures for each experiment are broken out. The standard deviations are shown as very small 

values.  

For example, 0.25 Bar is 0.11% of 225 Bar. The precent error of the system set pressure is very low 

across all experiments that took place. Check valve opening pressure of 5 or 10 psi may have effected 

pressure readings as well. 

The average % error in pressure variation that occurred during data collection during a time of 

steady state did not exceed 0.77 % in HEX2. The standard deviation did not exceed 3.3 Bar of pressure in 

HEX2. The digital pressure gauges used to collect the data for P2, P3, P4 and P5 all came with a NIST 

certification. 

 

CORROSION 

The NaCl brine reacted with the 316 Stainless Steel tubing and caused some light rust. The rusty 

water was collected when it was visually observed during experimentation. The rust color is visible in the 

output tank as shown in Figure 105.  

 
Figure 105: Rust colored water from corrosion caused by the NaCl brine 

 

The electrical conductivity of the rusty water was 237.8 μS/cm when the rust was settled at the 

bottom and 245.2 μS/cm when the mixture was mixed with a magnetic chemical stirrer, as shown in Figure 

106. The density was also measured to be 0.999 g/cm3 when the rust was settled and 0.9991 g/cm3 when 

the rust was floating in the water. 
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Figure 106: Rust mound at beaker wall caused by magnetic stirring bar 

 

The rusty water that was found in the cooling line output tank was sampled with a 250 mL beaker 

where the rust particulates were allowed to settle to the bottom. A stirring magnet was left next to the beaker 

wall and the iron oxide was pulled towards the magnet causing a buildup of rust at the beaker wall. If a 

commercial system was constructed using stainless steel perhaps a magnet could be used to collect iron 

oxide particles, then cleaned for reuse as opposed to a disposable filter. Titanium is recommended as a heat 

exchanger material due to its ability to resist corrosion at elevated temperatures [38].  

 

THERMOCOUPLE CORROSION 

Some of the thermocouples were tarnished, other thermocouples were not. Figure 107 shows 

thermocouple T1 from HEX1. T1 is located at the hot tube inlet and is experiencing the maximum 

temperature the HEX would experience as the fluid running over the thermocouple is coming directly out 

of Furnace 2 (F2). This thermocouple only encountered ScH2O and did not contact the brine solution. 

 

Figure 107: Thermocouple T1 from HEX1 after all experiments were completed. 

The 316 SS turned a straw to light brown color at the region close to the hot part of the heat exchanger. The 

fittings that attached sections of tubing together experienced corrosion and discoloration due to the high 

heat.  
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FITTING CORROSION AND DISCOLORATION 

The fittings shown in Figure 108 were exposed to high heat, changed from a shiny clean metallic 

appearance to a dull, dark brown, blue, and straw color as the thermocouple probes did. The insulation was 

cut to form around the Tee-fitting to form a better seal to hold in the heat, thus increasing the thermal 

efficiency of the HEX by reducing the thermal energy lost to the ambient air. After heating the fittings are 

difficult to remove. A wrench was broken when attempting to switch out some of the fittings near Furnace 

2.  

 
Figure 108: HEX1 hot line entrance and cooling line exit union 

 

The rock wool changed from a gray to brown color where it contacted the hot tube and the hot outer 

tube of the HEX as shown in Figure 109. It was found that the rockwool was better held in place by tying 

it together with soft stainless-steel wire in contrast to aluminum foil tape. The aluminum foil tape would 

detach from the surface of the insulation over time causing the insulation to open and lose heat during 

testing. Loose insulation may have caused some drop in heat exchanger effectiveness.  

 
Figure 109: HEX1 hot line entrance and cooling line exit union insulation 

 

The fittings at the cold end of HEX 1 remained clean and reflective as stainless steel naturally looks 

in appearance as shown in Figure 110. The change in color of the metal is significant as it can show where 

the hot spots are visually. The temperature the metal experiences affects the tubing strength, therefore if 

failure were to occur it would be in the area that is the most dull or straw color in appearance. The hottest 

part of the heat exchanger is the weakest structurally and care should be taken during design.  
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Figure 110: HEX1 hot fluid exit line exposed for inspection. 

 

The color of the metal is worth noting because there are charts that can be used to determine the 

temperature a metal has experienced during a heating cooling cycle. Figure 116 shows the natural 

appearance of stainless steel before it experienced any heating.  

 
Figure 111: Fittings prior to assembly 

 

SAMPLES 

Samples were collected in test tubes which were then stored in trays as shown in Figure 117. 

  
Figure 112: Sample test tubes and sampling method 
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These samples can be evaluated by a plasma spectrometer to check for salt, iron and any other 

material that may have found its way out of the heat exchanger material and into the water. Most of the 

samples are clear like deionized water except for the samples collected when the shell of HEX1 was filled 

with differing concentrations of brine. 

 

HEX1 WITH HOT FEED WATER FROM DESALINATION SYSTEM CONDUCTIVITY 

EXPERIMENT 

HEX1 was attached to the 10mL/min desalination system then the system was started up and 

brought to steady state. The Pump for the cooling side of HEX1 was set up to pump water from the water 

tank and brine from the brine tank. The conductivity data shown in Figure 113 was recorded while samples 

of the HEX cooling line output fluid were collected.  

 
Figure 113: HEX1 With Brine as a Coolant with ScH2O Hot Line, Measured Conductivity 
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The peaks of the spikes in conductivity at different salinity levels were averaged to yield the 

following table. Observe that the peaks of the spikes shoot straight up then the slope decreases to a gradual 

ramp then the conductivity values flatten once the conductivity value reaches a peak. From the beginning 

of each peak to the end is approximately 65 minutes. Table 41 shows the maximum and average 

conductivity values recorded during experimentation. The difference table shows how much loss there was 

in salinity and compares what the conductivity values of the brine were before heat was applied to the 

desalination system. The loss is low but still present. It is assumed that the lost salt coated the inside walls 

of the tubing. The negative value in the Average cell for 7.5% of the difference table means that the error 

was below the expected value by 4%. 

Table 41: Conductivity Results Table 

 
 

The average value of 14%wt NaCl HEX1 with the desalination system off is a little low with an 

error of 9% but that is because the brine is still mixing with the water that was in the shell side of HEX1. 

The conductivity of the samples measure below the calibration curve. This means that there is a little less 

salt in the brine after it exists the heat exchanger, but the temperature appears to have little to no effect. The 

reduced salt is believed to have reacted with the wall of the heat exchanger chemically. Through the 

chemical reaction some mass is lost but the conductivity shows that there is a peak point which means the 

wall reaches a chemical equilibrium and the corrosion eventually stabilizes. It is safe to conclude that a heat 

exchanger can be added to a ScH2O system to increase its thermal efficiency without the possibility of 

desalinating the brine inside the heat exchanger. The solution to the corrosion problem would be to change 
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the pipe, tubing, and fittings to titanium. The economic feasibility of changing the material needs to be 

evaluated.  

 
Figure 114: Conductivity Results Comparison 

 

 

PIN HOLE OBSERVATIONS 

Supercritical brine is corrosive and can wear pin holes in the tubing. Regular line inspection is 

necessary to maintain a safe system. Figure 115 shows a pin hole found in the Reactor entrance line. The 

image shown in Figure 115 is a freezeframe of a video recording.  

 
 Figure 115: Pin hole venting steam shown circled in red. 
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 The pipe section shown in Figure 115 was replaced promptly after it was discovered after the system 

was shut down, depressurized, and allowed to cool. The data that was collected was collected during the 

experiment that was taking place and was not used in any of the calculations that took place during data 

analysis. Figure 116 shows another section of ¼” thick-walled tubing that was to be replaced because of a 

discovered pin hole leak. The location of the leak is encircled with a black marker. The section of tubing 

shown in Figure 116 was connecting the FWH tube to the FWH exit line temperature probe. 

 
Figure 116: ¼” diameter thick-walled tubing with pin hole leak 

 

 

COLLECTION TANK OBSERVATION OF SUPERCRITICAL WATER 

During the early stages of experimentation, it was observed that the water exiting the line out of 

the system into the collection tank was an opaque white color and contained small bubbles. The “stream” 

was a slow drip at a rate of 10 ml/min. Once the drop contacted the rest of the water in the collection tank 

the white coloring from the small bubbles dissipated and the water remained clear as deionized water should 

be.  

During the early stages of experimentation, it was observed that the water exiting the line out of 

the system into the collection tank was an opaque white color and contained small bubbles. The “stream” 

was a slow drip at a rate of 10 ml/min. Once the drop contacted the rest of the fluid in the collection tank 

the bubbles dissipated, and the water returned to its clear appearance. This could provide evidence that slug 

flow is occurring within the system.  

 

DISCUSSION 

The SCWD system and HEC were running for approximately 210 hours to collect 2261 lines of 

data which consisted of 53 columns per data set for a total of 199833 data points. 48 hours of the 210 hours 
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of data were not used due to data collection inconsistencies and other problems that arise. Each average 

point on the HEX data graphs was averaged from 21 data points. Table 42 shows data points counted. 

Table 42: Data counter 

 
 

CONCLUSION 

The brine circulated during experimentation was validated as consistent with the expected 

conductivity values. Furnace 2 added for experimentation was fitted with a coil to allow the experimenter 

to control the inlet temperature and was proven to provide enough heat to lift the temperature to higher 

levels. The data that was collected shows that the HEX will not allow the water to desalinate inside the shell 

because there is little drop is the conductivity of the fluid as it passes through the HEX cooling shell. The 

reactor allows the water to stagnate which allows the salt to precipitate within the reactor. In the HEX the 

water is moving and will not desalinate. The slight drop in conductivity could be attributed to the salt 

sticking to the inner tube wall causing the fluid to lose salinity. At higher concentrations it is believed that 

there is some slight desalination but not at lower concentrations such as 3.5% and 7.5%.  

 

 

 



 

 

CHAPTER 4 DISCUSSION 
 

 

INTRODUCTION 

All calculations assume that the pump volumetric flow rate remains constant throughout the entire 

experiment. HEX2 was not as efficient at lower pressure. The heat loss could be attributed to problems with 

the insulation.   

 

EFFECTS OF TEMPERATURE 

As the temperature of the hot line of the heat exchanger decreases the water in the hot line cools 

down and the water in the cold line heats up. As the inlet temperature increases the enthalpy of the fluid 

increases, which is the amount of energy contained in each mass of the fluid. At higher inlet temperatures 

there is an increase in instability which is reflected in the standard deviations calculated for the temperature 

data. The change in temperature effects everything related to the thermophysical properties of the 

supercritical water within the heat exchanger.  

 

EFFECTS OF PRESSURE 

225, 230 and 240 Bar measured by the pressure gauges at P2, P3, P4, and P5, were all held 

constantly during all experiments. The pressure drifted during experimentation, but it was within the range 

of 1.4 Bar. 1.4 Bar is 0.62% of 225 Bar the lowest system pressure tested, therefore the pressure data is 

within an acceptable tolerance range. With the pressure and temperature being high the fluid does not 

experience boiling. When the pressure increases the thermal stability increases because the specific heat of 

water is lower at higher pressures.  

 

EFFECTS OF ASPECT RATIO 

Aspect ratio is defined as a ratio of width to length. In the context of heat exchangers there are 2 

ratios that can be used to compare the 2 heat exchangers. The center hot tube and the diameter of the heat 
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exchanger shell is a ratio and the other will be shell area to length. The colors differentiate the manufacturer. 

Figure 117 shows a visual representation of the tubing combinations considered. 

 

 

Figure 117: The Various tube in tube combinations considered during design. 

 

HEX1 and HEX2 use 3/8” OD tubing of the same wall thickness and internal diameter. Both HEXs 

use 3/4”. Table 42 shows how aspect ratio can affect the Nusselt number in fully developed laminar flow 

in a circular annulus with 1 surface insulated and the other is where the temperature is constant. In the 

HEXs designed in this work the temperature is not constant throughout the fluid or on the surfaces.  

Table 43: Nusselt number for fully developed laminar flow in a circular annulus with 1 surface insulated 

and the other is where the temperature is constant [32] 

 

The annulus region ratio for HEX1 is 1.17 and is 1.13 for HEX2 which is greater than what the Nu 

values in Table 43 can support. HEX1 has a smaller annulus region which makes the layer of water thinner.  

The aspect ratio of the annulus region affects the efficiency of and thermal stability. HEX1 had 

good efficiency but it is not as thermally stable as HEX2 witch has a larger space in between the outer 

diameter of the hot tube and the inner diameter of the cooling tube.  

 

EFFECTS OF SALT CONCENTRATION 

By adding salt to the cooling water, the heat capacity of the fluid changes slightly. The salt 

concentration does not affect the HEX measured temperatures that much when the salt concentration is low 

or around 3.5%wt NaCl and 7.5%wt NaCl. When the salt concentration increases to 14%wt NaCl heat was 
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not transferred as well as with pure water. These salt concentrations are what is produced when brine is sent 

through a reverse osmosis system 2 times.  

 

EFFECTS OF INSULATION 

HEX1 was insulated with rockwool, HEX2 was insulated with fiberglass. The rockwool had a 

higher R-value but was not as clean to install as the encased fiberglass insulation. The fiberglass insulation 

of a lower R value allowed heat to be lost to the surrounding environment. T3 or the hot line exit temperature 

was higher for HEX2 which means less heat was transferred to the cold side than that of HEX1. HEX 1 had 

a thicker outer tube wall thickness which caused the annulus region to be thinner. Overall, the rockwool 

performed better than the fiberglass.  

 

LIMITATIONS 

The flow rate could have been a limiting factor in the experiments attempted in this study. The flow 

rate was checked periodically with a beaker and a stopwatch and timed 1 minute to fill 10ml. This method 

is acceptable, but a flow meter would have been better. A flow meter that can accurately measure flow rates 

at the pressures and temperatures the system experienced could give more confidence to the flow rate 

measurement.  

 

UNCERTIANTY IN MEASUREMENTS 

 The thermocouples used have an accuracy of +/- 0.75%. therefore, if the average temperature 

recorded during the study is 400 degrees and the meter has 0.1% error, and the thermocouple has 0.75% 

error the temperature of the fluid measured could be between 403.4℃ and 396.6℃ or 400 +/-0.85%.  

The low temperature pressure digital gauges used to measure the pressures at points P2, P3, P4, 

and P5 are certified by NIST to hold +/-1%. For example, when reporting 230 Bar the actual pressure could 

be within 229.77 to 229.77 Bar.  



113 

 

On a tight temperature measurement such as HEX2 at 225 Bar with a hot line entrance temperature 

of 380℃ at T6 the with an average value of 24 and a standard deviation is 0.2℃. This shows that the 

temperature could be 24.2℃ or 23.8℃. Then with the added thermocouple and meter uncertainty the 

temperature could be within 23.6℃ to 24.4℃. Therefore, the measurement of 24℃ for T6 is 24+/-1.68% 

accurate. For another example, HEX1 at 230 Bar with a T1 hot entrance temperature of 410℃ the standard 

deviation is 12.5℃ and the average of 21 data points for 105 minutes is 411℃. 12.5 degrees is 3.55% of 

411℃. When including the 0.85% error the actual temperature of the fluid could be between 395.11℃ and 

426.99℃. Therefore, the measurement of T1 for HEX1 at 230 Bar is 411 +/-3.89%. The uncertainty of the 

furnace is taken up by measuring the fluid, therefore the furnace precision could be ignored.  

 

TWISTED TAPE 

The twisted tape method is not needed to increase the thermal efficiency of the HEX. The 

efficiencies of both heat exchangers are well above the widely accepted 85%. It is believed that the 

insulation on HEX2 began to detach because of the deteriorating adhesive near the end of the experiment 

causing heat loss to the surrounding environment. It is believed that if the insulation stayed attached the 

efficiency of HEX2 would be higher like that of HEX1.  

 

DESIGN CONCEPT  

Based on the data collected during this experiment the design shown in Figure 123 shows a high-

pressure desalination reactor with a coil inside. The reactor design can be turned into a heat exchanger. The 

brine for treatment would flow into the coil inside the reactor causing the brine to be preheated. The brine 

will flow down into the reactor through the vertical straight tube then it will warm up and the density will 

go down which will cause it to rise the coil picking up more heat as it rises. The heated brine will then flow 

up and out back into the main chamber of the reactor where the fluid will desalinate.  
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Figure 118: HEX Reactor Concept 

In addition to the internal coil another smaller heat exchanger can be added to the inlet and outlet 

lines of the reactor concept shown.  

 

CONCLUSION 

The engineering, heat transfer and thermodynamic properties of water and brine dictate the design 

of the HEX which has proven to be valid and functional. The next step is to verify the system and system 

improvements economically.  



 

 

CHAPTER 5 TECHNICAL AND ECONOMIC 

ANALYSIS 
 

INTRODUCTION 

This chapter will discuss the technical and economic analysis of supercritical water desalination 

with heat recovery and compare its cost effectiveness to the traditional supercritical water desalination 

system that includes a chiller and a furnace. The resulting savings in power and maintenance by adding a 

HEX to the system and removing the chiller and furnace are discussed. Assumptions have been made to 

simplify the economic problem.  

 

ASSUMPTIONS 

It is assumed that both systems are running for 24/7 or 8760 hours per year. The price of electricity 

is estimated to be $0.10 and $0.13. Inflation, appreciation, and depreciation are all ignored in this analysis 

because it is assumed that all components depreciate or appreciate at the same rate, which would cancel 

each other out anyway.  The system will run for 8760 hours at a flow rate of 10ml/min. to calculate the total 

volume of water consumed. Both systems are estimated to produce the same amount of water at a rate of 

5256 Liters (1389 Gallons) per year. The average person needs 100 gallons per day. 

 

ECONOMIC ANALYSIS 

The components evaluated in the economic analysis are the reactor, the chiller, the furnace, and the 

HEX. These components, and their individual cost are shown in Table 44. Two systems are shown with 

different configurations. The First system includes the reactor, the chiller, and the furnace. The second 

system includes only the Reactor and the HEX. The HEX can thermally perform the tasks of the furnace 

and the chiller. Both systems cost about the same, within $1000 of each other. These values are the initial 

purchase price. 
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Table 44: Initial system cost broken out by major components 

 
 

The power requirements for each system component are listed below. All components are powered 

by single phase 120 VAC power sources, except the HEX, which consumes 0W power. The annual energy 

cost per component if each component was left on individually for 1 year at the cost of $0.13 per kilowatt 

hour.  

Table 45: Individual System Component Energy Consumption Comparison Table 

 
 

Two systems are represented in the tables below. The first system is comprised of a reactor and a 

heat exchanger. The second system includes the reactor, the chiller, and the furnace. The total cost of 

powering each system is listed as the total power cost. The total power consumption is listed as well. 

Powering the desalination system with waste heat recovery is significantly more cost effective than the 

system where it uses components where heat is continuously added to the system. Recycling heat costs less 

than constantly adding heat. A system with waste heat recovery or made from passive heat components 

costs 1/3 of a system with active heating components.  

Tables 46 & 47 System type cost comparison in terms of energy 
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The system with heat recovery costs $1706 for power to run annually. The original unmodified 

desalination system with the chiller and furnace costs $4334 to power annually. Changing the coolant in 

the chiller is not included in Tables 45 and 46. 

CHILLER MAINTENANCE COST 

Removing the chiller will also increase savings in maintenance costs and make the system more 

environmentally friendly by reducing the need for ethylene glycol. The chiller uses a 50/50 mix of ethylene 

glycol. The chiller coolant tank capacity is 5.5 L (1.5gallons). If Ethylene glycol costs $51.72 per gallon, 

the cost per coolant change would be $103.44 annually if the coolant tank is changed quarterly. Any 

maintenance the furnace requires will also be removed. There are no moving parts on the HEX therefore 

the chances of something going wrong are reduced.  

PAYBACK PERIOD AND PROJECTED ENERGY COST 

The HEX will pay for itself in 7 years if the cost of electricity is $0.10/kWhr, if the cost per kilowatt 

hour increases by 2.9 cents per kWhr to $0.13/ kWhrs the HEX will pay for itself in 5 years in energy 

savings. If the instrumentation that was added to the heat exchanger for the purpose of this experiment is 

removed the initial cost of the heat exchanger is reduced to closer to $9K per HEX. This reduction in price 

will allow the HEX to pay for itself in 3 to 4 years if the price per kWhr remains at $0.13.  

Table 48 shows the projected cost and savings out to 50 years assuming the cost of electricity remains the 

same. 

Table 48: Cost Savings Analysis 
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VALUE OF AN OFF-GRID SYSTEM 

If an off-grid system is considered reducing the energy consumption of the desalination system is 

imperative to system longevity. If the power required is reduced to 1/3 of its original cost the cost of the 

power generation is reduced by the same amount. By reducing the needed power capacity to power the 

system the cost of the power generation equipment is reduced. For example, if the reactor heater, furnace, 

and chiller all need a generator that can output 4 kilowatts and the furnace, and the chiller are removed then 

replaced with a heat exchanger a generator that can output 4 kilowatts is no longer needed and a less 

expensive generator that can output 1.5 kilowatts can be used instead. The power capacity of the power 

equipment needed is reduced.  

SCALING UP THE SYSTEM 

The first system produced in the laboratory pumped water at a volumetric flow rate of 10ml/min. 

The next system is intended to increase the water production rate to 100 ml/min, a 10X increase in 

magnitude. The graph in Figure 119 shows that the amount of water produced at different flow rates 

increases as the flow rate increases if the system is producing water 24 hours a day for 7 days a week over 

a year. As expected, the higher flow rate produces more water than lower flow rates. If a system is running 

at a higher flow rate the cost per gallon produced decreases. If the flow rate is increased the rate of heat lost 

from the reactor increases which costs the water producer more money which is spent on heating the reactor. 

If a heat exchanger network is added to the system, the heat can be recirculated.  

 
Figure 119: Economies of Scale 
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If the producing capacity of a SCWD system is increased by an another 10-fold to 1L/min the 

amount of money available to support the system increases by 10 times, which could also lower the cost of 

the water produced.  

If the average family is 4 people and consumes 300 gallons of water per day how many families 

can a 210,000 gallon water bladder support for a given number of days. Water can be stored in large rubber 

bladders that have been designed to hold large amounts of liquid such as brine, oil, water, and fuel. 

 
Figure 120: Water supply graph with 210,000 gallons of water available 

 

For example, 7 families can use 300 gallons of water per day for 100 days if a 210,000 water 

bladder was filled with a desalination system. If a 1000 mL/minute system was produced and ran for 1 

year it could not supply 7 families with enough water for 100 days. If the 100mL/min system is running 

for 1 year and produces 13,885 gallons of water 3 families can get by for about 1 month. Figure # shows 

the scenario where 13,885 gallons of water are available.  
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Figure 121: Water supply graph with 13,885 gallons of water available 

 

 

UNCERTIANTY 

It is uncertain of the length of time the HEX will last before the salt corrodes the sidewall of the 

cooling shell and the hot center tube beyond the safe wall thickness while the system is pressurized.  

A destructive test is recommended to determine how long 14%wt NaCl brine can be pumped through the 

system before there are structural integrity issues with the HEX as a pressure vessel. If the HEX can last 10 

years before it needs to be replaced, then this is a good safe economically valid solution to the heat recovery 

problem. If the HEX constructed from 316 stainless steel under the mentioned conditions only lasts 1 year 

the material needs to be replaced with a more corrosion resistant material like titanium [38], [48].  

 

APPLICATIONS OF SOLID SYSTEM WASTE 

The system presented produces solid salt waste. This salt byproduct needs to be studied to find its 

contents. Once the contents are determined it can be further processed into usable salt. There is concern 

that heavy metals from the metallic processing equipment may find their way into the solid waste produced. 

There are salt flats all over the world and these regions could be used as a salt dumping ground. If humanity 

removes too much salt out of the ocean it can cause salt salinity problems as well. Mankind has proven in 
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the past to affect climates on a large scale, leading researchers to believe that mankind can also affect ocean 

salinity on a large scale. The salt waste disposal methods need to be carefully considered to maintain the 

balance nature desires. Salinity imbalances can have drastic effects on sea life, food chains, ecologies of 

the ocean. The density of the ocean can change which can affect tides which can alter coastlines. 

Maintaining balance is key. What is removed from the sea shall be returned to the sea in a consistent manner. 

If the salt is returned to the sea in a spread out way ill effects can be reduced.  

 

CONCLUSION 

In conclusion, the economic analysis section adding a heat exchanger to a SCWD-ZLD will greatly 

increase the system’s cost effectiveness by reducing the energy cost by 2/3 of the original system cost for 

the same amount of startup cost.  

 

 

 



 

 

CHAPTER 6 CONCLUSION 
 

INTRODUCTION 

This section will discuss the future work and applications of the data that were found in this research 

study. The questions answered by this research effort are also discussed.  

 

RESEARCH QUESTIONS ANSWERED 

• Can a simple cost-effective heat exchanger be constructed with commercial off the shelf (COTS) 

parts and reduce the energy requirement for a supercritical water desalination (SCWD) system?  

Yes, medium to high pressure tubing and metallic compression fittings can be purchased and assembled 

using simple hand tools such as a bench vise, hacksaw, and wrench set for assembly in a remote location 

where power is scarce.  

• Are the values of the dimensionless numbers in the empirical equations that are used to design 

conventional heat exchangers applicable for supercritical processes?  

Not really, the values Nusselt number equations for turbulent flow do not apply to the HEXs presented in 

this work because the range of the Reynolds number values found are from above 0 to 350 which defines 

the fluid as in a laminar flow condition. The fully developed flow equations for the Nusselt number for 

constant surface temperature 3.66 and constant heat flux value of 4.36 are too low and do not apply because 

the heat flux and the surface temperature along the hot tube is not constant due to the thermophysical 

property variability and the function of the HEX.  

The salt that is dissolved in the brine will corrode the wall by a small amount where it coats the 

boundary layer near the surface. The brine did not appear to desalinate at a pressure of 230 bar and a hot 

line entrance temperature of 410℃ while passing through HEX1. The temperatures measured throughout 

HEX1 with brine as the cooling fluid are close in value to the temperatures measured when deionized water 
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is used as a cooling fluid. This work proves that it is possible to design a heat exchanger out of COTS for a 

supercritical water desalination system to improve its economic viability.  

 

SYSTEM CORRECTIONS 

It is preferred to use a data logger to collect data over long periods of time. It was attempted to use 

a data logger to collect data during experimentation, but the grounded thermocouples interfered with each 

other. The grounded thermocouples that the heat exchanger was constructed with were not compatible with 

the data logger. If the grounded thermocouples were changed to ungrounded thermocouples the data logger 

could collect data.  

It was unknown at the beginning of the experiments how necessary insulation was. During early 

desalination experiments the tubing leading to the reactor was lightly insulated. The same light duty 

insulation was tried during the ramping up phase of experimentation. Both heat exchangers would have 

been fitted with the same thick-walled rock wool if it were known early on. The effectiveness of the 

insulation will determine the performance of the heat exchanger and it is necessary to have a thermally 

efficient system.  

 

LOGISTICS ISSUES 

The logistic problems that caused this work delay were long lead times or indeterminate lead times. 

Obtaining fittings for the HEX’s took months. The pump for the 10X system had a problem upon arrival 

where the diaphragm had a hole in it. The pump needed to be sent back to the factory for repair, this took 

approximately 8 months. As a result of the delayed pump the HEC was untested with the larger system.  

The pump delay delayed the 10X system testing which delayed the 10X HEX test.  

 

10X SYSTEM 

The 10X system still needs to be tested before introducing the HEXs or the HEC to provide 

information about its performance parameters with an added heat recovery system. Once the 10X system 
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is tested with water and salt to form a performance base line various sorts of heat exchangers can be added 

to increase the overall energy efficiency of the process. Figure 122 shows the 10X system with the large 

pump.  

 
Figure 122: 10X System with pump 

 

SAMPLES 

Samples were collected during the study where brine is the cooling fluid. The Samples were 

collected after the brine flowed through the cooling jacket of HEX 2. These samples need to be run through 

a plasma spectrometer to see what materials were pulled out of the stainless-steel tubing through the 

corrosion processes that took place. It is obvious that the tubing was corroding because of the rust-colored 

water found in the cooling line collection tank. The best solution to the corrosion problem is to form a 

maintenance schedule where the heat exchanger is replaced once every “X” hour of run time or replace the 

316 stainless steel components with titanium. Titanium equipment will minimize the corrosion that takes 

place.  

 

FUTURE WORK 

The system can be redesigned and produced without a chiller and a feedwater heater. The reduction 

in the equipment that is powered will reduce the amount of energy consumed by the overall system.  
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To further advance the technology, steps can be taken to create a heat exchanger network that desalinates 

the water, reducing the overall need for a reactor or reducing the size of the reactor.  

The desalination system used in the experiment is a batch process. The salt needs to be emptied out 

of the reactor periodically, so the dip tube does not get clogged with salt. If the dip tube gets clogged with 

salt, there can be pressure to increase rapidly making the conditions unsafe. To stop the process and 

disassemble the reactor to remove the salt precipitate is time consuming and will be costly at larger scales 

of production. If the process studied can be continuous it becomes more economical and efficient to operate. 

Two heat exchangers can be produced and connected in a combination of series and parallel to desalinate 

some of the brine outside of the reactor. When one heat exchanger is filled with salt the flow can be reversed 

to clean it out.  

Another option could be to have the 2 heat exchanger methods mentioned above and make the 

reactor smaller to reduce the energy consumed by the system.  

This study is focused on heat and thermal engineering, perhaps the energy could be reduced with 

other methods like vacuum desalination. Vacuum desalination is where the pressure is lowered which 

lowers the boiling point of the water causing it to evaporate at room temperature. Vacuum desalination may 

be a more thermally efficient and safer method than SCWD-ZLD. Find Nusselt, Reynolds and Prandtl 

numbers for turbulent flow of water under supercritical conditions.  

Build a supercritical water desalination system with a similar HEX as what is presented here and 

remove the chiller and FWH from the desalination system and evaluate the system performance.  

Different Coatings need to be tested to see if they flake off while the system is functioning.  

The 316 Stainless Steel is fine for a less expensive test pilot system, but some corrosion is still present and 

iron oxide is found in the samples in the form of rust. These particulates can be filtered out with a basic 

fiber filter yielding good clean drinking water.  

It would be beneficial to know if the water molecule deforms under supercritical conditions, does 

it become flat like CO2 and Nitrogen or does it stay the same shape and the electrons move to a more 

uniform shape around the molecule causing a charge shift due to the increase in pressure and temperature 
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that comes with supercritical conditions? Could viewing a water molecule under supercritical conditions be 

done with a scanning electron microscope? 

 

APPLICATIONS 

As mentioned, the heat exchanger concept can be applied to a SCWD process as shown in this 

work, but there are other applications where. The Nusselt number found in this work can be applied to 

Supercritical Water Oxidation (SCWO) systems, or Supercritical Water Reactor (SCWR) [49]. A SCWR is 

a 4th generation concept reactor that is water-cooled high temperature high-pressure light water-cooled 

reactor that operates above the critical point of water. SCWRs can use supercritical heat exchangers to 

recover heat or transfer it to a separate fluid to then run a turbine thus turn a generator, generating power 

for the public.  

 

CONCLUSION 

The technology studied in this paper is still under development and steps must be taken to increase 

its safety and economic feasibility for larger scale applications. Now that this study is complete the 

knowledge of supercritical water heat exchangers can be passed on to the next pupil. 
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APPENDIX A: THERMOCOUPLE CALIBRATION  
 

 

Figure 123: J-Type Thermocouple Calibration Curve Using NIST Data 

 

 

 

 

 

 

 

 

 

 



 

 

APPENDIX B: BRINE CONDUCTIVITY 
 

The data shown in the calibration curve in Figure 124 was determined experimentally by mixing NaCl 

and DI water in a beaker.  

 

Figure 124: Conductivity dependent on salinity of NaCl by % weight.  

 

 

 

 

 

 



 

 

APPENDIX C: MATLAB CODE 
 

The MATLAB code provided only import data from a spread sheet and plots it. There are very few 

calculations taking place within the MATLAB program.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

APPENDIX D: DATA 
Contact the author or institution for data collected during this study. It is too large and ungainly to show in 

an appendix.  

 
Figure 125: HEX1 at 225 BAR with hot inlet temperatures T1 of 380, 390, 400, 410 420 

 

  
Figure 126: HEX1 at 230 BAR with hot inlet temperatures T1 of 380, 390, 400, 410 420 
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Figure 127: HEX1 at 240 BAR with hot inlet temperatures T1 of 380, 390, 400, 410 420 
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Figure 128: HEX1 & HEX2 at 225 BAR with T1 of 380 and 390 

The graphs that are in similar format to Figure # are linked as one figure because the data was recorded 

for the same experiment at the same time.  
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Figure 129: HEX1 & HEX2 at 230 BAR with T1 of 380 and 390 
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Figure 130: HEX1 & HEX2 at 240 BAR with T1 of 380 and 390 
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Figure 131: HEX1 & HEX2 at 240 BAR with T1 of 400, 410 and 420 
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Figure 132: HEX1 & HEX2 at 240 BAR with T1 of 400, 410 and 420 
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Figure 133: HEX1 at 230 Bar with T1 of 410 with 3.5wt%, 7.5wt% and 14wt% NaCl 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

APPENDIX E: MECHANICAL DRAWINGS 

 
Figure 134: 3/8” Tubing 2.875” long 

 
Figure 135: 3/8” Tubing 2.25” long 
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Figure 136: ¾” Tubing 2” long 

 

 
Figure 137: ¾” Tubing 2” long 
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Figure 138: Insulation 

 

 
Figure 139: Bill of Materials for HEX design 



 

 

APPENDIX F: PROBE ADAPTER AND MOUNTING 
The probe adapter and mounting method shown in this appendix can be used to collect temperature and 

pressure data from a single probe point without the problem of spacing the temperature and pressure 

measuring probes a distance apart.  

 
Figure 140: Pressure Probe Adapter Drawing 

 

The pressure temperature combination probe shown is similar geometry to a burst plug. A stainless-steel 

adapter was designed and machined to connect the probe to a ¼” NPT (National Pipe Thread) Swagelok 

tee-fitting. The thread on the probe end is a ½-20 TPI (Threads Per Inch) thread. The probe seals with 

matching tapers like an AN (ARMY-NAVY) fitting, which are commonly used on hydraulic applications. 

The steel adapter was machined from 1 in stock with a hexagon cross-section. Unions are not considered 

dead volume unions.  

 

        
Figure 141: Pressure temperature probe with copper crush washer and without copper crush washer 
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Figure 142: Pressure Temperature Probe section (NPT is not shown) 

 

½-20 thread appears is burst plug thread pattern with a 90° taper at the base of the hole. The 90° taper 

allows the probe to seal against the adapter. Mechanical taper seals are common on brake lines, hydraulic 

lines and -AN fittings. A copper crush washer can be added between the adapter and the probe to aid in 

sealing at high pressure. Copper and aluminum crush washers are common for taper seal applications, 

stainless steel crush washers a used for extreme high-pressure conditions.  

 

 
Figure 143: Machined Probe Adapters as received.  

 

 

 

         
Figure 144: 3D printed Pressure Temperature Probe mount. 

 
The temperature probe used in this application comes with an umbilical line that leads to an enclosure that 

needs to be tied down.  

 



147 

 

         
Figure 145: 3D printed bracket with mounted pressure sensor support electronics enclosure on the 

100mL/min desalination system. 

 

A bracket was 3D printed to support the pressure probe electronics housing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

APPENDIX G: SEA SALTS 
Table 49 contains a list of substances found in sea water that could be fed into the SCWD. Solubility in 

decreasing order KCL> NaCl>CaCl2>Na2SO4>Na2CO3 

Table 49: Salts and substances found in sea water.  

 



 

 

APPENDIX H: ELEMENT TABLE, MASS FRACTION, 

and GAS CONSTANT 
 

Table 50: Element Table 

 
Table 51: Mass Fraction and Gas Constant 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

APPENDIX I: LAB FORMED SALT CRYSTALS 
 

Figure 146 shows a Face Center Cubic (FCC) matrix pattern. The salt crystals shown are from brine that 

was left in the lab and allowed to evaporate. The salt crystallization that occurs within the reactor does not 

take this shape. 

 

Figure 146: Crystalized NaCl at room temperature and atmospheric pressure 
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