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ABSTRACT 

 The U.S. Navy is looking to conserve energy on shore and at sea. As a 

contribution to the ongoing effort to make turbine engines more efficient, this research 

presents the design and analysis of a helical coil waste heat recovery heat exchanger for a 

Rolls Royce T63-A-720 gas turbine engine.  The T-63 engine was installed in the test 

cell and modified, with the appropriate instrumentation added. The waste heat recovery 

heat exchanger was designed for a future closed Brayton cycle loop. Analysis was 

conducted on the heat exchanger's effect on the engine backpressure, which was shown to 

be negligible. Further analysis showed the heat exchanger was capable of meeting the 

requirements laid out by NPS student Aaron VanDenBerg in his 2016 thesis, “Energy 

Efficient Waste Heat Recovery from an Engine Exhaust System.” Finally, a study 

varying the pressure drop through the heat exchanger was conducted and a projected 

performance curve of the heat exchanger was developed. An analytical equation was 

derived determining the mass flow for a required exit temperature. Our research findings 

indicate promise for waste heat recovery using a helical coil heat exchanger. We 

recommend building and testing the heat exchanger to verify the model. 
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I. INTRODUCTION 

A. MOTIVATION 

It is beneficial for the U.S. Navy to conserve energy. As the second-largest 

consumer of energy in the DoD, reduction in Navy consumption would further the 

reduction of carbon dioxide in the atmosphere, aid strategic independence and reduce U.S. 

dependence on oil [1]. The Naval Postgraduate School was tasked by the Office of Naval 

Research Energy System Evaluation Program with improving the efficiency of gas turbine 

engines by recovering waste heat from gas turbine exhaust systems.  

B. BACKGROUND 

1. Gas Turbines and the Brayton Cycle 

Gas turbine power plants are employed on U.S. Navy ships because they have a 

high power to weight ratio [2]. These power plants allow for high speeds and relatively 

efficient performance. A gas turbine is thermodynamically modeled by the Brayton cycle. 

The ideal Brayton cycle is isentropic compression, isobaric heating and isentropic 

expansion [2]. Most Brayton cycles are considered open cycles, where air from the 

surroundings is used as the working fluid, and heat is rejected from the engine through 

exhausting the working fluid. A closed Brayton cycle utilizes a second heat exchanger to 

reject the heat and reuse the same working fluid [2].  

2. Cogeneration Plants and Waste Heat Recovery 

Open Brayton cycles reject air at high temperatures and atmospheric pressures. It 

is attractive to recover and reuse some of the waste heat. Currently, this is done in 

cogeneration plants producing electrical power. Cogeneration plants use the hot exhaust 

gases to produce steam, which is then used to run a turbine. The recovery of waste heat 

increases the efficiency of the power plant to above 60%. Many civilian cargo ships utilize 

waste heat recovery units to increase their efficiency as well. Both cogeneration plants and 

cargo ships have room for the large equipment required for waste heat recovery. 
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The U.S. Navy attempted to replicate the land-based, Rankine cogeneration system 

with boilers installed on the Ticonderoga class cruisers. However, the system installed was 

inefficient and difficult to maintain [1]. Unlike civilian cargo ships, naval vessels rarely 

operate at constant speed, increasing the wear on and decreasing the usefulness of the 

recovery system. After several years, primarily due to corrosion, the heat recovery units 

became inoperable and were removed from the ships [1]. 

3. Working Fluid Selection

Carbon dioxide was chosen as the working fluid for a closed Brayton cycle by 

VanDenBerg in his thesis [1]. VanDenBerg was responsible for the initial work done on 

this project. Carbon dioxide was chosen as the working fluid for a closed Brayton cycle 

due to its non-corrosive nature, gaseous operation, and efficiency. The Brayton cycle was 

chosen over a more efficient transcritical cycle because of the lower operating pressures 

allowing for ease of construction and use. In these operating conditions, the Brayton cycle 

is more efficient than the equivalent Rankine cycle, based on thermodynamic analysis and 

the specific work done in [1]. The low-pressure Brayton cycle is cheaper to produce as 

specialty materials do not need to be selected, and safety precautions can be lower. Finally, 

the low pressure system can be pressurized from commercial compressed gas cylinders. 

Further details and rationale for the selection of a low pressure Brayton cycle can be found 

in VanDenBerg’s thesis [1]. 

C. OBJECTIVE 

The objective of this thesis is to design, build, and test a helical coil waste heat 

recovery heat exchanger for a Rolls Royce T63-A-720 gas turbine engine. The heat 

exchanger should not impact the performance of the engine (by inducing backpressure on 

the engine) and extract as much energy from the exhaust as possible and transfer it to 

carbon dioxide. Eventually, this carbon dioxide will be used to run a second closed-loop 

Brayton cycle waste heat recovery system, as shown in Figure 1. The final system will be 

used for return-on-investment (ROI) studies when complete. 
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Figure 1.  Waste Heat Recovery System Schematic 
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II. ENGINE INSTALLATION AND BASELINE 

A. INTRODUCTION 

Prior to investigating the viability of a carbon dioxide heat exchanger, an engine 

had to be acquired and installed. A zero-hour Rolls Royce T63-A-720 engine depicted in 

Figure 2, was acquired and installed in the Marine Propulsion Laboratory Gas turbine test 

cell. The engine installation required 0.254mm (0.010 in.) tolerances with dynamometer 

alignment. The air intake for the engine had to be modified, instrumented and installed as 

the T63-A-720 was larger than the previous T63-A-700.  

 

Figure 2.  Schematic of the T63-A-720 Engine1 

B. INDICATION OF DRIVE SHAFT 

The engine drive shaft was disconnected from the original engine for installation 

on the new engine. Its spline was checked for compatibility with the new engine. To ensure 

the drive shaft was not damaged, it was brought to the NPS machine shop for indication on 

a lathe. The drive shaft was centered in the lathe by the flange and a live center was placed 

                                                 
1 Figure taken from unpublished ME3240 laboratory handout written by Garth Hobson for the Naval 

Postgraduate School Monterey CA, in 2013.  
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at the spline end of the shaft. Because the center of the flange could not be accessed, the 

spline center was considered to be true.  

The shaft was centered and indicated in four separate locations, shown in Figure 3, 

the flange, flange end of the shaft, center of the shaft and the far, and spline end of the 

shaft. The measurements, summarized in Table 1, and the runout of 0.0254 mm (0.001 in.) 

was well within tolerance. The largest runout was on the flange itself, in the chuck. 

However, the runout was only 0.127 mm (0.005 in.). The measurements indicated that the 

shaft was not bent, twisted, or bowed. The shaft could safely be used in the new engine 

without fear of damaging the engine.  

 

 

Figure 3.  Drive Shaft Indication Diagram 

Table 1.   Drive Shaft Runout by Location 

Location 1 2 3 4 
Total Indicated 
runout mm (in) 0.127 (0.005) 0.0762 (0.003) 0.0508 (0.002) 0.0254 (0.001) 

 

C. ENGINE INSTALLATION AND BRACING 

The engine was installed using a hydraulic lift. It was secured to the frame using 

the existing mounting hardware. During installation, the engine was found to be heavily 

supported by the air intake described in Section E of this chapter. The air intake, made 

primarily of Plexiglas, was torqueing the engine mount, causing stress, and absorbing 
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vibrations during operation. Therefore, it was deemed necessary to brace the engine and 

prevent the air intake from bearing any load.  

D. ENGINE ALIGNMENT 

The engine was aligned by first removing all of the bolts securing the engine to the 

test stand. The engine was slid forward to allow installation of the engine drive shaft. 

Reinstalling the four bolts closest to the inlet plenum aligned the engine left to right. The 

engine was then shimmed vertically into position with the dynamometer. The shims 

inserted were 2.54 mm (0.10 in.) thick. Finally, a shim was added under the rear strut to 

prevent them from twisting the engine mount. 

E. AIR INTAKE DESIGN 

The air intake system is important for experimental repeatability. The system, 

shown in Figure 4, includes two flow meters, several screens, and a bell mouth. The screens 

are important to disperse the jets created by the mass flow meters as well as to straighten 

the flow entering the bell mouth, which is the final stage before entering the engine 

compressor. The bell mouth is instrumented for static pressure, total pressure, and 

temperature. During this thesis, a new bell mouth was designed and manufactured by 3D 

printing, and a new flange connecting the air intake to the engine was also designed and 

fabricated. 

 

Figure 4.  Schematic Drawing of Air Intake System 
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1. Bell Mouth Design 

The bell mouth was designed using an ellipse with a 2:1 ratio based on the diameter 

of the engine intake. A quarter of the ellipse was revolved to generate the bell mouth. This 

was revolved around a central axis to form the axi-symmetric shape. The base was 

thickened to allow support for the bolts holding the bell mouth in place, and the probe 

mounted to the bell mouth. A SolidWorks model of the bell mouth is shown in Figure 5. 

 

Figure 5.  Bell Mouth SolidWorks Model 

The bell mouth was 3D printed using polycarbonate for ease of manufacture, which 

took 24 hours to produce. The bell mouth was then tapped and inserts added for support. 

The instruments were directly tapped into the side of the bell housing. It was assumed that 

they would not need to be removed or replaced often and there was little weight being 

supported. Therefore, it was unnecessary to reinforce the connections, and a direct tap to 

the plastic would suffice.  

The bell mouth was instrumented with three static pressure ports, two 

thermocouples, and a stagnation pressure probe. The static pressure ports required three 

holes 0.794mm (0.03125 in.) in diameter. The probes and thermocouples were 3.175mm 

(1/8th in.). All were secured using Teflon sealant. The final installation can be seen in 

Figure 6. 
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Figure 6.  Bell Mouth Installed on Engine 

2. Flange 

The bell mouth connected to the engine and the air intake housing via a newly 

manufactured two part flange. This flange, made of Plexiglas, sealed the air intake for 

accurate monitoring. An aluminum adapter provided a smooth connection between the bell 

mouth and compressor of the engine. The aluminum seated in the Plexiglas, and was used 

because it was easier to machine to shape than a single large piece of Plexiglas, and 

concerns that the thin lip could crack. Importantly, the flange was recessed to accommodate 

a step in the compressor face, resulting in a smooth flow path to the compressor. Slots were 

included to ensure alignment with the engine compressor face bolt pattern and 

misalignment between the compressor and air intake housing (Figure 7).  
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Figure 7.  Flange Model Cross Section 

The curved step, machined from aluminum, to the compressor mouth was fitted 

first by a radius gauge and second by trial and error. The iterative approach allowed for a 

very tight final fit that could not be obtained from measurement alone.  
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III. DUCT AND HEAT EXCHANGER DESIGN 

A. DUCT DESIGN 

The modified duct was designed using physical measurements and the thesis work 

done by the previous thesis student VanDenBerg [1]. VanDenBerg provided the 

SolidWorks model (Figure 8) of the entire exhaust duct from the engine to the exhaust 

nozzle. These models were confirmed by measurements and used to modify the existing 

infrastructure. The goal was to reuse as much of the existing ductwork as possible and the 

stands that supported it.  

 

Figure 8.  Exhaust Ducts by VanDenBerg. Source: [1]. 

The existing design space dictated the size and shape of the heat exchanger. The 

height to the entrance of the exhaust vent dictated the maximum height, and the separation 

between the two ducts dictated the maximum radius. The completed duct can be seen in 

Figure 9. The goal was to create a heat exchanger that did not impact engine performance 

despite the addition of the heat exchanger coils in the flow path. This necessitated that the 

duct diameter become larger. This also allowed for more tubes to be included in the design. 
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The maximum allowable radius was 216 mm (8.5 in.); however, a 177.8 mm (7 in.) radius 

was chosen to allow space between the exchangers and the possibility for future insulation 

around the ducting to improve performance. The final installation is shown in Figure 10.  

The connection point was chosen to be the final bend in the duct. The final bend 

increases the diameter from 203.2 mm (8 in.) to 355.6 mm (14 in.) while not impacting 

available vertical height for the heat exchanger. The internal volume of the heat exchanger 

is a cylinder. The bend is the most complicated part to manufacture. Therefore, each bend 

was flattened and printed on a one-to-one scale for tracing and cutting. The bend, critically, 

had to match up with the existing tubing inside diameter.  

 

Figure 9.  Assembled Model of Duct with Heat Exchanger Coils 
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Figure 10.  Installed Heat Exchanger Duct 

A nozzle was added to the top of the heat exchanger to accelerate the flow. The 

nozzle should be cut to match performance of the modified engine with the original duct 

work. The nozzle was constructed using nominal dimensions, and with the expectation that 

it will be made shorter during engine baseline to balance the flow between the exhaust 

ducts. Cutting the cone shorter will increase the flow area, decreasing the back pressure. 
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This is better for the engine and vitally important for accurate data measurements and 

repeatable experiments.  

B. PRELIMINARY DESIGN CALCULATIONS 

1. Heat Transfer 

Vandenberg proposed a flow rate in his thesis of 0.012 kg/s CO2. This flow rate, 

combined with the mass flow rate of 1.4k g/s exhaust gas (air) was used to calculate the 

tube length in a simple shell and tube heat exchanger. These calculations, shown in 

Appendix A, determined that the tube must be 1.8 m (70 in.). The length of the coils is 

longer than recommended, which should result in an increased mass flow rate through 

them. The heat exchanger used 9.525 mm (3/8 in.) tubing because it was a standard size 

and could be rolled with an existing roller. This tubing is well suited for the application 

based on size, heat tolerance, and corrosion resistance.  

Table 2.   Coil Length Calculations 

Coil Diameter Total Coil Length (cm) Total Coil Length (in.) 

4 239.4 94.2 

6 359.1 141.4 

8 478.8 188.5 

10 598.5 235.6 

12 718.2 282.7 

 

2. Compressibility Limits 

The heat exchanger was designed to use compressed CO2 as the working fluid. It 

would be exhausted to the atmosphere after being measured. This limited the exhaust 

pressure to atmospheric pressure. Therefore there was an inlet pressure, which would cause 

the flow to choke. Choked flow would limit the mass flow rate of the system. Any pressure 

over the critical pressure would be irrelevant and could possibly damage the system during 
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testing. The critical pressure was determined using the inviscid flow approximation with 

the Mach number, M, equal to one in Equation 1, where Po is the upstream stagnation 

pressure, P is the downstream atmospheric pressure, γ is ratio of specific heats, which is 

1.3 for CO2. The true critical pressure is likely less than this due to boundary layer 

constriction of the flow. Due to the complex and variable geometry of the inlet manifold 

and the tubes themselves, the analysis was not conducted for choking in the manifold.  

Equation 1. Compressible Flow Pressure Relationship 

120 11
2

P M
P

γ
γγ −− = + 

 
 

The equation resulted in a maximum pressure of 1.832 times larger than 

atmospheric pressure, 185kPa. This was treated as the maximum allowable pressure in the 

system. In future iterations of the waste heat recovery system, the pressure may be higher, 

however, the pressure difference will still be constrained by the factor 1.832.  

C. HEAT EXCHANGER DESIGN 

Four coils were chosen as they filled the available area while retaining a significant 

length of coil. Equally spaced, the coils are 304.8, 254, 203.2, 152.4 mm in diameter (12, 

10, 8, and 6 in.). A 101 mm (4 in.) coil could have been used, but it would have been too 

short to have meaningful heat transfer. These hand calculations, assuming a straight tube 

in tube heat exchanger were then validated by the CFD model, which showed a significant 

difference in the exit temperatures of the different length tubes. The hand calculations are 

shown in Appendix A.  

The tubes were made from 9.5 mm (3/8 in.) 304 stainless steel tubing, which was 

selected for its size and availability. The stainless steel has good heat transfer properties, 

while maintaining its corrosion resistance and strength at moderately high temperatures.  
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Figure 11.   Axial View of Heat Exchanger 

This heat exchanger will also investigate the effectiveness of helical coil heat 

exchangers for gas to gas applications. The helical coils have a tendency to mix the gas 

inside the tube leading to better overall heat transfer characteristics. The pitch was set at 

approximately three diameters based on the findings by Olasiman [3]. They showed that 

the optimal pitch; however, there was a tradeoff between flow rate and exit temperature. 

The coils also leave a wake of cool, slow air behind them affecting the heat transfer of the 

coil directly above them, reducing efficiency. The larger the gap between the coils, the 

more efficient the heat transfer, but this results in less overall heat in a given heat 

exchanger.  

The heat exchanger was designed to fit within the existing test cell. This imposed 

limits on the overall height of the coils. The entrance and exit of the coil also needed to be 

180 degrees apart to emerge on the same side of the heat exchanger. This kept the manifold 

centralized and away from the engine.  

The final design has 431.8mm (17 in.) tall coils that revolve 7.5 times. This results 

in a pitch of 57.65mm (2.27 in.), or a pitch to diameter ratio of 6.05. The final design 

attempted to eliminate any effects the underlying tube had on the tubes above them.  
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D. MANIFOLD 

The purpose of the manifold was to allow testing of the heat exchanger. Initially, it 

will be connected to a bottle of compressed CO2 or air to the system, but has been designed 

with enough flexibility that it can be integrated into a larger system with minor 

modifications later. The second constraint is the manifold must be reconfigurable. A 

reconfigurable manifold allows for different flow configurations where loops are in series 

and in parallel. The reconfigured loop can be tested in each configuration to confirm 

computer models, and be used in the most efficient manner for the experimental loop 

designed.  

The manifold, seen in Appendix B, will be attached to the CO2 supply via 6.35mm 

(¼ in.) air hose. Air hose was chosen because other CO2 supply was temporary and the 

inherent flexibility in tubing. It was not necessary to buy hard pipe and rout fittings to 

connect the bottle. Pressures are limited by the sonic limit in the tubes, which is related to 

atmospheric pressure. This is much less than the rated pressure of the air hose. Finally, 

pressure will be measured after the air hose as part of the manifold so that accurate pressure 

readings from the CO2 regulator are unnecessary.  

The manifold measures the inlet pressure and temperature for all tubes at one 

station. This reduces complexity of the data system, cost and size. It is assumed that all 

pressures and temperatures will be constant for all tubes. Each tube is measured 

individually upon exiting the heat exchanger. This gives data on each tube to confirm with 

the computer models. The pressure and temperature data collected by five combination 

probes, one inlet and four outlet, is to be recorded by the data acquisition system.  

Each heat exchanger tube is connected to three of four sub-manifolds. These sub 

manifolds feed back into the inlet of a specific heat exchanger tube allowing a combination 

of tubes to flow again through the heat exchanger. In this manner, the tubes can be set in 

series or tubes can be paired in series, or any other combination. The use of needle valves 

allows throttling of each flow individually.  
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IV. CFD MODELING, PREDICTIONS, AND PERFORMANCE

A. INTRODUCTION 

The purpose of the computational fluid dynamics (CFD) study is to determine the 

effectiveness of a carbon dioxide heat exchanger located in the exhaust tubing of a T-63 

turbine engine. The impact on the engine is also important to the design of the heat 

exchanger. The CFD models were used for design purposes, as well as for future validation 

of the models themselves. The validation gives confidence to future design iterations. Two 

models were generated for study. The first is an isothermal model used to determine the 

backpressure of the heat exchanger. The second model coupled the high temperature 

exhaust to the low temperature carbon dioxide through steel tubing. Several iterations of 

the heat transfer model were tested varying the boundary conditions.  

B. BACKPRESSURE MOLDING 

1. SolidWorks Model

The isothermal backpressure model was created in SolidWorks. A cylindrical block 

representing the flow volume was created and the four tubes were extrude-cut into the 

block. Each of these cylinders were the nominal outside diameter of 9.5 mm (3/8 in). 

stainless steel tubing. The final model is shown in Figure 12.  
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Figure 12.  Flow Volume for Backpressure Model 

2. Meshing 

The flow volume was meshed several times. The meshing for this takes longer than 

normal due to the complicated internal geometry with curving helical tubes. Out of six 

meshes created, only two were run successfully. The others were considered either too 

computationally demanding or not sufficiently different from other meshes to warrant 

further study. The meshes that were run are summarized in Table 3.  

Table 3.   Backpressure Mesh Summary 

 Description Node Count Min size Max size 
Mesh 2 Coarse mesh – no improvements 2.1M 3.4x10-4m 6.9x10-2m 

Mesh 5 Medium – inflation layer 15 layers, 
first height 1x10-5m 1.2x growth rate 6.4M 5x10-4m 1.5x10-2m 

 

Mesh two was designed to test the boundary conditions. It was the coarsest possible 

mesh, and was supposed to run as quickly as possible. It would show if the flow is 

developing as expected, or if changes needed to be made to the model. The full mesh can 
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be seen in Figure 13. Note the bands where the mesh surrounds the heat exchanger tubes 

and is finer, and there is no inflation layer surrounding the tubes.  

Figure 13.   Backpressure Mesh 2 

Mesh 5 was a refinement on mesh 2. The most important inclusion was the inflation 

layer. The inflation layer can be seen in Figure 14. The additional cells helped model the 

boundary layer accurately. Otherwise the mesh sizing was slightly reduced increasing the 

number of nodes. The mesh remained small to avoid long computation times.  

Figure 14.  Backpressure Mesh 5 
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3. Setup 

The CFD initialization was identical for both meshes. The flow moved from the 

bottom to the top of the cylinder. In this model the fluid is air at 400oC. This is the exhaust 

gasses from the engine. The inlet was a constant mass flow rate of 1.418 kg/s, the mass 

flow rate of the engine exhaust. The outlet was a simple opening, set to zero pressure. All 

other surfaces were modeled as smooth walls. This is a reasonable assumption as all 

ductwork and tubes will be new steel. Turbulence is modeled with the k-epsilon model due 

to its simplicity. The solver was set to run until the RMS value was less than 1x10-6.  

4. Results 

The results of the fine mesh showed an average relative pressure of 139 Pa. across 

the inlet. Unsurprisingly, the pressure was the highest beneath the tube bundles, and lowest 

between the tubes themselves where the flow accelerates. This correlates well with the 

velocity which is fastest through the core of the heat exchanger, where there are no 

obstructions, see Figure 15. More precise temperature and pressure graphs at various 

stations throughout the heat exchanger can be seen in Appendixes C and D. Numerical 

results can be seen in Table 4. 

 

Pressure distribution (left) and velocity distribution (right) for the 
heat exchanger 

Figure 15.  Backpressure Results 
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Table 4.   Backpressure Results Summary 

Run Avg. Inlet Pressure 
(Pa) 

Avg. Inlet 
Velocity (m/s) 

Avg. Exit Pressure 
(Pa) 

Avg. Exit 
Velocity (m/s) 

5 139 12.06 .19 12.055 
 

The most surprising result was the introduction of a large swirl in the flow, shown 

in Figure 16. It is believed the tube bundles themselves push the flow in the direction that 

they spiral. This increases the resonant time that the flow spends in the heat exchanger, 

increasing the heat transfer to the cool fluid. Future work can be done to increase this 

phenomenon, which is believed to be beneficial for the heat transfer.  

 

Figure 16.  Swirl Induced in the Flow 

C. COUPLED HEAT TRANSFER MODEL 

1. Mass Flow Driven Model 

a. Introduction 

As with the backpressure model, the heat transfer model started in SolidWorks. In 

addition to the channels cut through the flow volume, four flow volumes were added for 

the CO2 to flow through. They would later be thermally coupled to the exhaust. As with 
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the backpressure model, the first model was meshed with the coarsest mesh. This was run 

to test the boundary conditions and ensure that the problem could run.  

b. Mesh

The mesh was refined several ways. First, the maximum face size, minimum size 

and the curvature normal angel were reduced. The influence can be seen in Figure 17 and 

Table 5. Inflation layers were added on the inside and the outside of the tubes to better 

capture the boundary layer effects. Externally, the creation of vortices was of interest for 

the heat transfer properties. Inside the tubes, the inflation layer helps capture the heat 

transfer from the tube wall to the carbon dioxide. The iterative mesh metrics can be seen 

in Table 5. All tubes used a sweep method to force cubic rather than tetragonal elements. 

This made the tubes more uniform and reduced the number of elements in the mesh. 

Unfortunately, one of the tubes would not reduce to the number of cells required, and 

therefore contributed approximately 1 million extra nodes to the problem. The deficiencies 

and detail of the final mesh can be seen in Figure 18 and Figure 19. 

Table 5.   Coupled Model Mesh Metrics 

Mesh Nodes 
(Million) 

Min. 
element 
size (m) 

Max. 
face size 

Curvature 
normal 
angle 

Exterior 
inflation (first 

layer 
thickness/ 

layers/ growth 
rate) 

Interior 
inflation (first 

layer 
thickness/ 

layers/ growth 
rate) 

1 3.5M 3.4x10-4 3.5x10-2 18o N/A N/A 
3 28.5M 2x10-5 2x10-3 10o 2.5x10-5 

/20/1.25 
5x10-5/5/1.2 

4 22.0M 1x10-3 2x10-3 10o 2.5x10-5/20/1.2 2.5x10-5/5/1.2 
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Figure 17.   Mesh Overview for Coupled Mesh 

Figure 18.   Detail of Mesh 4 
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Figure 19.   Detail of Mesh 4 Inflation Layer 

c. Setup

The analysis for the heat exchanger was set to steady state for the initial run. The 

fluid in the exhaust duct was modeled as ideal air, and the tubes were modeled as ideal 

carbon dioxide. Each tube was considered an independent fluid volume, simulating parallel 

flow. The mass flow rate or each tube was set to be an equal 0.003 kg/s, and the exhaust 

was set at 1.418 kg/s. The tube mass flow rate came from preliminary hand calculation, 

and the exhaust mass flow came from prior data. The purpose of this model was to confirm 

the exit temperatures were reasonable given the mass flow rate, and the expected pressure 

loss in the tubes. The exhaust inlet was 723K and the tube inlet was set to 300K. This room 

temperature was chosen as it is assumed that initial testing will use ambient temperature 

carbon dioxide. Outlets were used for all boundaries with a static gauge pressure of 0 Pa. 

This simulates both the tubes and the exhaust venting to the atmosphere, which should be 

the initial test. A total energy model was used for the system to account for the thermal 

energy transfer and the slight slowdown of the fluid. The k-epsilon model for turbulence 

was chosen for its simplicity. A possible improvement to this model would be moving to 

the shear stress transport model.  

The interface was defined between the tubes and the exhaust volume. The interface 

was defined as a thin material, with heat conduction through the wall. The wall was smooth 

with a transition to turbulence expected at some point. Steel was chosen as the material for 

the wall. The mesh connections were managed by CFX-pre through the general grid-
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interface function. Therefore, the grid points along the interface did not necessarily line up, 

but the results were interpolated to connect the two regions.  

The resulting mesh did not converge to tolerance, as Figure 20 clearly shows. There 

was a high-frequency instability in the flow that did not allow for convergence. Therefore, 

the solution was converted to a transient solution, where the total time was 0.1 seconds, 

with time steps every 0.001 seconds. This allowed convergence to happen, although there 

was still a slight wobble in the steady portion of the solution. A further study could reduce 

the time step again, and rerun the solution to reduce the effect of the instabilities.  

Figure 20.  Heat Transfer Convergence History in Exhaust Flow 

d. Results

The results of the transient run can be seen in Table 6. The varying inlet pressure 

are due to mass flow being specified through the tubes, allowing pressure to vary to drive 

the flow. Visualizations of the flow can be seen in Figure 21 and Figure 22 shows 

interesting patterns within the tubes. Following 25 indiviual velocity streamlines, the result 

is a logrithmic aproach to the exhaust inlet temperature. There is approximately 5–40 oK 

temperature variation within the tube at the same height in the heat exchanger. This is most 
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prominent in the 152.4 mm (6 in) tube. Possible explanation is the tight radius increases 

the forces exerted on the fluid, separating it more, increasing the difference in temperature 

through the tube. The least variation is seen at the exit of the larger heat exchangers, where 

the fluid is nearly homogenious. The average temperature of the fluid is 693K, which could 

be expected if the flow is well mixed. The tube temperatures give confidence in the flow 

being well converged because the temepratures follow a smooth, asymptotic curve towards 

the maximum temperture.  

Figure 21.   Mass Flow Driven CFD Results 

Table 6.   Mass Flow Driven Heat Transfer CFD Results 

Inlet 
Pressure 
(Pa) 

Exit 
Pressure 
(Pa) 

Inlet 
Temperature 
(K) 

Exit 
Temperature 
(K) 

Exit 
Velocity 
(m/s) 

152.4 mm (6 in) tube 13,379.2 0 300 661.5 59.0 
203.2 mm (8 in) tube 17,917.7 0 300 694.6 63.1 
254.0 mm (10 in) tube 22,278.5 0 300 707.5 65.0 
304.8 mm (12 in) tube 26,764.9 0 300 711. 7 67.2 
Exhaust 565.39 0 723 719.5 33.7 
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Figure 22.   Mass Flow Driven Tube Temperatures 

2. Steady State Pressure Driven Boundary Conditions

a. Introduction

In practice, the mass flow rate is not controlled directly. The test manifold will 

release a regulated pressure, resulting in the same pressure being applied to each tube. Each 

tube has a different friction factor, based on the length of the tube, resulting in different 

speeds of flow through the tube. Because each tube has the same cross section, they have 

different mass flow rates associated with each tube, with the shorter tubes having a faster 

speed and higher mass flow rate. This is the opposite of the controlled mass flow case 

where the pressures changed to keep the mass flow rate the same.  
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The pressure regulation scheme creates a problem. The shorter tubes have a higher 

mass flow rate and speed compared to the longer tubes. This compound problem results in 

generally cooler temperatures on the inner tubes.  

b. Setup

The switch to pressure-driven boundary conditions also afforded the opportunity to 

change turbulence models. The shear stress transport model was again used, but the high 

speed near-wall heat transfer model was used to account for the compressibility effects 

near the wall. These effects should be very minor, but, the solution will be more accurate 

with them included. The second change was to use the blended near wall treatment. This 

blends the law of the wall with log law, providing a smoother boundary layer transition. 

For heat transfer, the boundary layer is the most important part.  

The first iterations were run with static pressure at several prescribed test points to 

understand the correlation between pressure and mass flow. Subsequent runs focused on 

prescribing an inlet total pressure to closely mimic the inlet conditions present in the 

experimental setup. These results will be used to create a performance map of the heat 

exchanger.  

c. Results

The results were as expected. The constant pressure condition imposed at the tube 

entrance resulted in varying mass flow rates through each of the tubes. The less flow 

resistance present in the shorter, 152.4 mm (6 in.), coil produced higher speeds and 

proportionally higher mass flow rates than the, larger, 304.8 mm (12 in.) coil. The slower 

speeds and longer resonant time in the larger coil resulted in a temperature gap between 

the small and large coil. Interestingly, the temperature in the small coil increased while the 

mass flow rate and velocity also increased. This should be investigated further due to its 

contradictory nature and verified experimentally. If the simulation is accurate, it means the 

heat transfer coefficient has increased with velocity, and it could be beneficial to increase 

the velocity further. It could also be an erroneous assumption on the model.  
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3. Pressure Driven Transient Results

Due to the instability in the exhaust flow of the steady state solution, a transient 

solution was attempted. The timestep was set at 0.0005 seconds to capture any vortex 

shedding that may have been present. This resulted in a much more stable solution, 

although, one that did not converge more accurately in the tubes than earlier runs.  

Table 7.    Transient and Steady State Comparison 

The vortices shed are important for heat transfer, as they mix the fluid. The vortices 

can be seen in Figure 23. The streamline, through the point marked, becomes caught in a 

vortex. It shows that vortices are present in the flow and can be important in the overall 

heat transfer of the system. Also interestingly, the streamline is carried along the top of the 

tube, possible trapped between two vortices, before finally being shed and continuing up 

the heat exchanger. The analysis has shown the transient solutions transfer slightly more 

heat to the working fluid than the steady state solutions do. This comparison is shown in 

Table 7. There is no major difference between the heat transfer coefficients, which 

indicates that there is little to be gained by running a transient solution, except for vortices 

visualization. The full pressure study results can be seen in Appendix F. 

Total Pressure [Pa] Steady State Heat Transfer 
[w m-2 K-1] 

Transient Heat Transfer 
[w m-2 K-1] 

13.984 522.0394 522.039 

20.7629 519.1762 519.1769 

78.2721 489.355 489.3574 

36.4039 511.8842 511.8873 

57.3483 501.0414 501.0416 

46.866 506.9317 ?? 

67.8305 495.7987 495.2686 
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Figure 23.   Streamline in a Vortex 

4. Pressure Driven Transient Analytical Solution

The data from the transient solution was graphed and curve fit, Figure 24. This 

gives the heat transfer rate as a function of the final temperature. The final temperature is 

related to the mass flow rate using Cp. The Cp is allowed to vary with temperature using 

Equation 4 [4]. When combined, and Ti set to 300K, the resulting equation is used to relate 

the final temperature of the heat exchanger with the mass flow rate through the exchanger. 

This sets the design points for the remainder of the cycle. Finally, the mass flow rate is 

related to the pressure drop through the heat exchanger and will be useful for estimating 

performance of the cycle in the future.  
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Equation 2. Heat Flux Equation 

*
f

i

T

p
T

Q m C= ∫ 

Equation 3. Heat Flux as a Function of Outlet Temperature 
( ) 0.6925 840.65 243354f f fQ T T T= − + −  

Equation 4. Cp of CO2 [4] 
0.5 237357 30.529 4.1034 0.024198

/100
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T
θ θ θ

θ

= − + − +

=

Figure 24.  Transient Pressure Study Results 
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5. Heat Transfer and Flow Segregation

The effectiveness of the heat exchanger drops in the second half of the coils. This 

can be seen two places, in the temperature of the tubes and in the heat transfer coefficient 

of the coils. The tube temperatures can be seen in Figure 25. The tube temperatures 

represent 25 streamlines flowing through each tube and the temperature at each point along 

a stream line. Therefore, the lines taken together show the maximum and minimum 

temperature at any given point in the heat exchanger. The average temperature at any point 

is in the weighted center of the lines. The lines asymptotically approach the inlet 

temperature of the heat exchanger, with the distribution becoming smaller with time. The 

larger tube reach the equilibrium point, while the smallest tube does not. Also, most of the 

temperature is gained in the first half of the heat exchanger. This was corroborated by 

plotting the heat transfer coefficient at each point on the heat exchanger coils. This is seen 

in Figure 26. The exhaust flow in Figure 26 goes from the top left to the bottom right, while 

the flow in the coils runs counter to that. The darker the color, the smaller the heat transfer 

coefficient. Near the top of the heat exchanger (bottom right in the image), there is a large 

amount of heat transfer, and by approximately halfway through the heat exchanger, there 

is almost no heat transfer on the large coil. The smaller coil transfers heat through much 

more of the coil.  
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Figure 25.   Tube Temperatures for Pressure Driven Boundry Conditions 
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Figure 26.  Heat Transfer Coefficient on Bottom of Coils 

The streamline visualization, with streamlines colored for temperature instead of 

velocity, Figure 27, is helpful in visualizing the heat transfer through the flow. The center 

of the flow is very uniform and hotter than the outside of the flow. The flow that is swirling 

through the exchanger tubes is becoming cold, and the coldest flows are the streamlines 

“caught” beneath one of the tubes. This is really an issue in the top third of the exchanger; 

however, this top third is where most of the heat transfer occurs, and the most benefit can 

come from improvement. The central, hot flow channel does not mix with the swirling flow 

along the edges. Heat transfer could be improved by mixing some of the colder fluid with 

the hot fluid in the center and along the outside edge.  
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Figure 27.   Streamline Visualization, Colored for Temperature 

6. Mesh Independence

Mesh independence is hard to prove in this geometry because of the three-

dimensional flow pattern and inherent unsteadiness of the flow. The most important aspect 

is accurately modeling the boundary layer. Transition is not relevant because the flow is 

assumed to be fully turbulent upon entering the heat exchanger. Therefore, a y+ value of 

less than 10 is sufficient to resolve the boundary layer for heat transfer. A y+ value of less 

than one is necessary for transition [5]; however, this simulation does not require transition 

modeling. The y+ values for the tubes was approximately 3.6 for the constant mass flow 

rate, and 1.6 for the exterior.  
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V. CONCLUSION AND RECOMMENDATIONS 
FOR FUTURE WORK 

A. CONCLUSION 

There is potential for a CO2 a waste heat recovery loop using the exhaust from the 

T-63 turbine engine. The proposed heat exchanger can provide the mass flow rate required 

in VanDenBerg’s thesis to power a second Brayton cycle based on the results of CFD 

analysis, without impacting engine performance. The testing of the proposed heat 

exchanger is left to future work. There is also room for improvement in the existing design 

to increase the heat recovered from the heat exchanger without impacting the engine.  

B. FUTURE WORK 

There is much future work to be done on the heat exchanger. Design validation of 

both back pressure on the engine and the heat exchanger effectiveness needs to be 

evaluated. A more refined CFD simulation, especially a long, transient simulation, could 

show more detail in the bulk flow field, exposing possible improvements to the flow. The 

heat exchanger induces a swirl effect in the flow. This effect could be exploited by 

introducing small flow fins into the flow to increase the swirl throughout the heat 

exchanger. Several proposed methods of inducing swirl would be to add a finned center 

body to induce more swirl in the center of flow. A second option would be to add swirl fins 

along the outside of the heat exchanger. Finally, adding fins to the coils would have the 

effect of moving the flow and aiding in heat transfer. More tubes could be added, and if 

they were added by staggering them between the existing coils, the exchanger would tap 

energy that previously escaped. Another issue is the segregation of flow, where hot, fast 

flow in the exhaust duct stays separate from the cooler, swirling flow near the tubes. Mixing 

these two flows could increase the amount of heat transferred. A combination, which 

increases swirl in the beginning and mixing at the end, could be beneficial for the flow. 

Finally, the heat exchanger should be tested in other configurations. Parallel flow was 

chosen first due to its ease of modeling and testing; however, the heat exchanger could be 

run in a serial configuration, which might serve the final waste heat recovery loop better 
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than a parallel configuration. The manifold has other valve alignments that allow for a 

combination of parallel and serial runs. These should be investigated to see what 

optimization potential there could be. 
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APPENDIX A.  HEAT EXCHANGER HAND CALCULATIONS  

Engine Parameters 
1.417 /totalm kg s=   
0.7 /eachm kg s=   

860hiT K=   
104hiP kPa=   
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, 1.1 /p airC kJ kg K= −   

1.33airγ =   
51.8 10xµ −=   
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R T

k w m K
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−

= =

=

= × −
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5 2
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x N s m
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k w m K

γ
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−

=
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= −
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=
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Energy Extracted from Exhaust 
, ,

,

( )
46.3

out air p air hi ho

out air

q mC T T
q kW

= −

=


  

2
, 2

0.13 /
( )CO

p CO co ci

qm kg s
C T T

= =
−

   

Assume 5 tubes, each 1cm in diameter 
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2
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APPENDIX B.  LINE DIAGRAM FOR MANIFOLD 
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APPENDIX C.  REFERENCE LINE LOCATIONS 

  
Axial 
Line 
number 

Dist. From 
Center (m) 

General Location 

1 0.000 Centerline 
2 0.030 Center Chanel 
3 0.050 Center Chanel 
4 0.070 Just inside 6in tube bank 
5 0.076 Through 6in tube 
6 0.088 Between 6in and 8in tubes 
7 0.102 Through 8in tube 
8 0.114 Between 8in and 10in tubes 
9 0.127 Through 10in tube 
10 0.140 Between 10 and 12 in tube 
11 0.152 Through 12in tube 
12 0.166 Between 12 in tube and wall 
13 0.177 Near wall 

 

Radial 
Line 
number 

Dist. From 
Inlet (m) 

1 0.0 
2 0.1 
3 0.2 
4 0.3 
5 0.4 
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APPENDIX D.  ISOTHERMAL VELOCITY AND PRESSURE 
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APPENDIX E.  HEAT TRANSFER VELOCITY AND PRESSURE 
DISTRIBUTION 



 50 
  



 51 

APPENDIX F.  FULL PRESSURE STUDY RESULTS 
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APPENDIX G.  RESTARTING A RUN ON HAMMING 

Control for runs on the Hamming cluster must be done before writing the .def file for the 
restart. Initial values for the file can be specified under execution control/Initial values. 
Checking the box allows the addition of .res files from which the solver will pull initial 
conditions. This is helpful when runs have to be restarted, small changes in boundary 
conditions, or a new mesh is used.  
 

 
Checking Initial Values Control/Continue History From continues the solver run from 
where the initial values left off. Again, a new mesh can be chosen. Write the .def file and 
the .sh file as normal, and run the batch file. The solver will show a continued history.  
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