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Abstract
	This paper describes the development of a facility for evaluating the performance of small-scale particle-to-sCO2 heat exchangers, which includes an isobaric sCO2 flow loop and an electrically heated particle flow loop. The particle flow loop is capable of delivering up to 60 kW of heat at a temperature of 600 °C and flow rate of 0.4 kg/s. The loop was developed to facilitate long duration off-sun testing of small prototype heat exchangers to produce model validation data at steady-state operating conditions. Lessons learned on instrumentation, control, and system integration from prior testing of larger heat exchangers with solar thermal input were used to guide the design of the test facility. In addition, the development and testing of a novel 20-kWt moving packed-bed particle-to-sCO2 heat exchanger using the integrated flow loops is reported. The prototype heat exchanger implements many novel features for increasing thermal performance and reducing pressure drop which include integral porting of the sCO2 flow, unique bond/braze manufacturing, narrow plate spacing, and pure counter-flow arrangement. The experimental data collected for the prototype heat exchanger was compared to model predictions to verify the sizing, thermal performance, and pressure drop which will be extended to multi-megawatt heat exchanger designs in the future.
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Nomenclature
T		temperature
P		pressure
ṁ		mass flow rate
h		enthalpy
cp		specific heat

1. INTRODUCTION
	Concentrating solar power (CSP) with thermal energy storage has the potential to increase the penetration of intermittent renewable generators on the electric grid by providing dispatchable renewable energy. However, current systems are limited by high capital cost and low thermal-to-electric conversion efficiency. A promising path to low-cost and dispatchable renewable energy is increasing the operating temperature of CSP plants through the use of alternative heat transfer fluids and coupling to a high-efficiency supercritical carbon dioxide (sCO2) power cycle [1, 2]. In order to meet the capital cost requirements for particle CSP, a particle-to-sCO2 heat exchanger is required which effectively transfers thermal energy at low cost. Thus, experimental data for high performance particle-to-sCO2 heat exchangers implementing cost effective manufacturing techniques is required to derisk the technology [3].
	The present effort focuses on producing such data by developing small-scale test loops for rapid evaluation of prototype heat exchanger designs [4]. The test loops consist of an isobaric sCO2 flow loop and electrically heated particle flow loop. The operating conditions of the small-scale test loops have been established to keep equipment costs as low as possible while still allowing for informative experiments to be conducted. The following sections detail the heat exchanger test facility and a prototype unit based on the design being considered for the G3P3 system [5].

2. DEVELOPMENT OF A HEAT EXCHANGER TEST BED
	In order to evaluate the steady-state performance of a prototype heat exchanger, a system that is capable of recirculating both particle and sCO2 flows while holding inlet temperatures and flow rates constant for extended periods of time is required. Commonly, particle heat transfer measurements are made using batch mode test which are notoriously unreliable due to the inherent transient nature of the experiment. In addition, it is common for experiments to be conducted without a representative working fluid [6, 7] or no fluid at all. The development of the test facility described in this section seeks to alleviate these issues through constructing a heat exchanger test facility where the particle and sCO2 flows can be circulated indefinitely and achieve true steady-state operating conditions by maintaining accurate control over the heat exchanger inlet temperatures.
	The piping and instrumentation diagram of the heat exchanger test facility is provided in Figure 1. As previously discussed, the system consists of two integrated loops for the particle and sCO2 heat transfer media. The sCO2 flow loop is based on the configuration presented by Carlson et al. [8] and used in prior testing of prototype heat exchangers [9] with only minor changes based on lessons learned. The sCO2 flow loop is isobaric and implements a dense phase pump on the cold side of the system for fluid circulation. The cold and hot side of the system are separated through a recuperator which heats the sCO2 flow leaving the pump and cools the sCO2 leaving the heat exchanger. A bypass line around the recuperator and heat trace on the sCO2 heat exchanger inlet and outlet connections allow for full control over the temperature of the sCO2 at the heat exchanger inlet. Heat rejection from the sCO2 is accomplished using water-cooled heat exchanger on both the main sCO2 flow after passing through the recuperator and pump recirculation lines. However, the pump recirculation line temperature is maintained using a chiller since temperatures below ambient are occasionally required to maintain sCO2 density at an acceptable value (>850 kg/m3). Control of the sCO2 flow is accomplished through a combination of a variable frequency drive on the pump and throttle valve. The sCO2 flow loop layout meets the requirements of indefinite operation with complete control over sCO2 inlet temperature and flow rate.
	Although the layout of the sCO2 flow loop is consistent with prior efforts, the method of construction differs due to trying to keep the cost of construction and testing prototype heat exchangers as low as possible.  Maximum operating temperature and maximum allowable working pressure were selected to be 500 °C and 20 MPa based on the limitations of commonly available parts. At the selected operating conditions, the allowable stress for stainless steel can meet the design requirements which helps to expedited manufacturing and reduce costs. 
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[bookmark: _Ref61203820]Figure 1: Piping and instrumentation diagram (P&ID) of the integrated particle and sCO2 flow loops for testing a 20-kWt prototype particle-to-sCO2 heat exchanger
	An illustration of the geometric arrangement of the particle/sCO2 heat exchanger test facility is provided in Figure 2. The particle flow loop uses a vertically integrated design with gravity driven flow, which allows for the particle flow rate through the entire system to be governed using one control valve at the outlet of the heat exchanger. Circulation of the particle flow through the system is provided using a custom high-temperature screw auger constructed from stainless steel using standard pipe sections and off-the-shelf components. The electrical heater is designed using commonly available cartridge heaters and custom formed hoppers to create a staggered tube array for heating the particle flow. Mass flow measurements are made gravimetrically using an inline weigh hopper that is continuously charged and discharged during operation. The system layout was designed based on many lessons-learned from system integration and instrumentation in the prior 100 kW SuNLaMP testing. Many of the same design features (inline weigh hopper, thermal equilibration length, redundant instrumentation) have also been included in the 1 MWt G3P3 heat exchanger subsystem.
	One key issue that is typically encountered in performance characterization of particle-based components is accurate measurements of average particle temperature. In heat exchanger performance evaluation, measuring the inlet and outlet temperature accurately is necessary for calculating temperature driving force as well as verifying closure of the energy balance to establish confidence in the measurements. The system configuration shown in Figure 2 implements thermal equilibration lengths both above and below the heat exchanger and reduced cross-sections in the areas where thermocouples are installed. Since particle thermal conductivity is relatively low compared to fluid systems, installing a single temperature probe can result in a point temperature measurement that is not necessarily representative of the bulk flow. In addition, low heat transfer coefficients between the temperature probe and particle bed can amplify the stem effect leading to large measurement error. Thus, temperature measurements must be made with as small of probe diameter as possible to minimize measurement uncertainty.
	Furthermore, high-temperature particle mass flow rate measurement has notoriously been an issue with particle-based CSP. Gravimetric measurements of particle flow rate are currently the best approach to reliable measurement, but this approach requires the forethought to have an inline weigh hopper installed in they system and consideration for allowing the hopper to expand without affecting the load cell measurement.


[image: ]
[bookmark: _Ref61204315]Figure 2: Illustration of the integrated particle and sCO2 flow loops and detailed layout of the particle flow loop with integrated 20 kWt subscale heat exchanger
3. HEAT EXCHANGER SUBSCALE PROTOTYPE
	A subscale manufacturing demonstration and performance characterization of a small-scale prototype heat exchanger was developed based on the geometry being pursued for the G3P3 project. The subscale heat exchanger was developed at the 20 kWt scale using stainless steel. The stainless-steel construction was identified as a method of expediting delivery and keeping prototype cost low while still being able to test the novel design features. The reduced heat exchanger duty was implemented by lowering the plate dimensions to 0.5 m by 0.2 m and the number of plates in parallel to seven. However, the design features to be tested will be representative of larger scale heat exchangers. The novel features include:

· Integral porting on the sCO2 side to eliminate plate nozzles, reduce pressure drop, lower costs, improve sCO2 flow distribution, and allow for counter-flow arrangement
· Combined bonded and brazed “caseless” heat exchanger manufacturing to allow for closer plate spacing (3 mm), an unobstructed particle flow path, and minimal assembly and welding
· Higher thermal performance through closer plate spacing, higher approach temperature, and counter flow arrangement

	The final geometry of the 20-kWt subscale heat exchanger is displayed in Figure 3 with an exploded view to depict the sCO2 and particle flow paths. In addition, the 20 kWt prototype design point operating conditions are provided in Table 1. The heat exchanger manufacturing and sCO2 channel layout was performed by Vacuum Process Engineering. Figure 4 and Figure 5 display the completed heat exchanger. The performance measurement of heat transfer coefficient and pressure drop are reported in a future section.
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[bookmark: _Ref61265725]Figure 3: Illustration of 20 kWt prototype heat exchanger design and exploded view capturing conceptual sCO2 and particle flow paths
[bookmark: _Ref61266085]Table 1: Design conditions for the 20 kWt prototype heat exchanger
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[bookmark: _Ref61266196]Figure 4: Photo of the manufactured 20 kWt prototype heat exchanger installation
4. RESULTS AND DISCUSSION
	The performance testing of the 20-kWt subscale prototype was conducted using the previously discussed integrated particle and sCO2 flow loops. In order to understand how the performance of the prototype heat exchanger was affected by operating conditions performance measurements for the overall heat transfer coefficient and pressure drop were made every 50 °C beginning at a particle inlet temperature of 200 °C until the design point condition was reached.
	The approach to conducting the thermal performance tests was to begin with the system at ambient temperature and flow sCO2 and particles at the design flow rates. The particle heat exchanger inlet temperature was slowly ramped to the desired operating temperature by controlling the electrical heat addition in the heater. Once the electric heater reached the target inlet temperature, PID control of the electric heater was enabled and the flow valves on the sCO2 side were adjusted to manipulate the sCO2 inlet temperature to the desired value. The temperature measurements were allowed to stabilize and remain at steady state for approximately one hour prior to moving to a new operating condition. Steady-state operating conditions for performance evaluation were identified as periods of greater than 15 min with less than ±1 °C of variation at all four heat exchanger boundaries.
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[bookmark: _Ref61266264]Figure 5: Photo of 20 kWt prototype particle-to-sCO2 heat exchanger core using integral porting and a combination of bonding and brazing to create the “caseless” shell-and-plate geometry
	The steady-state measurements of thermal performance for the 20-kWt subscale prototype are displayed in Figure 6. The overall heat transfer coefficient is observed to be approximately 300 W/m2-K at the intermediate temperature operating conditions (400-600 °C) and displays a slight dependence on particle inlet temperature in the range of 200-400 °C. The measured values of performance were verified through evaluating closure of the heat exchanger energy balance and agreement between upstream and downstream temperature measurements in the system. The measured performance for the G3P3 20 kWt subscale prototype is a large improvement over the performance of the first particle/sCO2 heat exchanger prototype developed in a prior project that had overall heat transfer coefficient values of 50-70 W/m2-K [9] and difficulty in measuring the performance due to system integration issues. The observed overall heat transfer coefficient for the 20 kWt prototype is between a factor of 4-6 times better than any other known particle to sCO2 heat exchanger.
	Pressure drop (Figure 7) was measured from inlet to outlet of the heat exchanger and observed to be less than 7 kPa (0.04%) at the design point conditions which is in line with CFD modeling results and builds confidence in future large scale heat exchangers meeting pressure drop requirements. The measured pressure drop of the 20 kWt prototype was expected to be substantially lower than the 1-2% target for a primary power cycle heat exchanger due to a combination of the intermediate temperature sCO2 properties (lower viscosity and higher density), larger channel dimensions because the allowable stress of stainless steel (105 MPa) at 550 °C is more than triple the value of IN617 (30 MPa) at 800 °C, and the small plate dimensions resulting in shorter flow path lengths. Overall, the measured performance and operation of the 20-kWt subscale prototype provides confidence in moving packed-bed heat exchanger technology progressing toward meeting the needs of a particle-based CSP system.
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[bookmark: _Ref61267050]Figure 6: Steady-state measurements of overall heat transfer coefficient of the 20-kWt subscale prototype particle/sCO2 heat exchanger at various particle inlet temperature
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[bookmark: _Ref61267116]Figure 7: Steady-state measurements of pressure drop over the entire 20-kWt subscale prototype particle/sCO2 heat exchanger at sCO2 design flow rate (~0.1 kg/s)
5. CONCLUSION
	A small-scale heat exchanger test facility was developed with the purpose of rapidly evaluating prototype heat exchanger performance at temperatures up to 600 °C. The test facility was used to evaluate a novel 20 kWt prototype that demonstrated overall heat transfer coefficients up to 300 W/m2-K and pressure drop well below the targets of commercial system. The test facility will serve as a future platform for iterating on heat exchanger designs and producing important data for technology development.
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Metric  Value  Units  

Thermal Duty  20  kW  

Design Temperature  550  °C  

Design Pressure (MAWP)  20.0  MPa  

Operating Pressure  17.0  MPa  

Particle Inlet Temperature   500  °C  

Particle Outlet Temperature  340  °C  

Particle Flow Rate  0.112  kg/s  

sCO 2   Inlet Temperature  290  °C  

sCO 2   Outlet Temperature  450  °C  

sCO 2   Flow Rate  0.103  kg/s  

sCO 2   Pressure Drop  <40  kPa  
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