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The Pebble Bed Micro Model (PBMM) plant currently employs a large conventional 

shell-and-tube heat exchanger as recuperator at the inlet to the heat source in order to pre- 

heat the nitrogen. The thermal inertia of the current PBMM recuperator influences the 

dynamic behaviour of the plant and the heat exchanger configuration is also different 

from the actual Pebble Bed Modular Reactor (PBMR) plant, which will employ a 

compact heat exchanger. 

A need therefore exists to design a high-temperature compact heat exchanger for the 

PBMM plant. This study includes the material selection and optimization of the 

proposed heat exchanger design. 

The material chosen for this recuperator is a tungsten-copper alloy with 68 wt% W and 

32 wt% Cu. A mini-channel heat exchanger with a counterflow configuration is the 

chosen type of heat exchanger. The heat exchanger is made up of two types of plates that 

are stacked alternatively. These plates are then either difision bonded or brazed in order 

to form the complete heat exchanger. 

The final geometry of the recuperator is as follows: 

9 Total length - - 0.75 m 

9 Total width - - 0.518 m 

k Total height - - 0.8 m 
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3 Number of channels wide - - 370 

3 Number of hot channels high - - 200 

3 Number of cold channels high - - 200 

3 Plate thickness - - 1 mm 

3 Fin thickness - - 0.4 mm 

3 Channel height - - 1 mm 

3 Channel width - 1 mm 

The proposed recuperator only occupies 10% of the footprint area and 13% of the volume 

of the shell-and-tube recuperator. Its effectivity is 95%, which results in an increase of 

2% in the cycle effectivity. The response time for the compact recuperator is about 25% 

that of the shell-and-tube recuperator. 

. . 
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Titel "Material selection and optimization of a high-temperature 

compact heat exchanger." 

Outeur J. van Greuning 
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Skool Meganiese lngenieurswese 

Graad Magister in lngenieurswese 

Huidiglik is daar 'n konvensionele huls-en-buis hitteruiler as rekuperator in die PBMM 

siklus. Die rekuperator is net voor die inlaat na die hittebron gelee sodat dit die 

inkomende stikstof voo~erh i t .  Die termiese eienskappe van die rekuperator beihvloed 

die dinamiese gedrag van die stelsel. Dit verskil ook van die rekuperator wat in die 

PBMR aanleg gebruik word, wat 'n kompakte hitteruiler sal wees. 

Daar is dus 'n behoefte om 'n hoe-temperatuur hitteruiler vir die PBMM aanleg te 

ontwerp. Die studie sluit materiaalseleksie en die optimalisering van die voorgestelde 

hitteruiler se ontwerp in. 

'n Wolfram-koper ligering wat uit 68% wolfram en 32 % koper, volgens gewig bestaan, 

is die voorgestelde materiaal. Die gekose hitteruiler is 'n mini-kanaal hitteruiler wat in 'n 

teenvloei konfigurasie opgestel is. Die hitteruiler bestaan uit 'n kombinaie van twee lae, 

een vir die warm vloeier en een vir die koue vloeier, wat mekaar afivissel om die 

rekuperator te vorm. Dit word dan gehardsoldeer of deur diffusie-hegting geheg om 

sodoende 'n lekvrye hitteruiler te vorm. 

Die finale geometrie is as volg: 

> Totale lengte - - 0.75 m 

> Totale wydte - - 0.518 m 

> Totale hoogte - - 0.8 m 

... 
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9 Aantal kanale wyd - - 370 

9 Aantal warm kanale hoog - - 200 

P Aantal koue kanale hoog - - 200 

9 Plaat dike - - 1 mm 

9 Vin dikte - - 0.4 mm 

9 Kanaal hoogte - - 1 mm 

9 Kanaal wydte - - 1 mm 

Die voorgestelde rekuperator beslaan slegs 10% van die vloer-area en 13% van die 

volume van die huidige rekuperator. Sy effektiwiteit is 95%, wat 'n styging van 2% in 

die siklus se effektiwiteit tot gevolg het. Die tyd wat die rekuperator neem tot 

ewewigstoestand is 25% van die huidige rekuperator se tyd. 
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Cell width [ml 
Area [m21 
American Society of Mechanical Engineers 
Cell height [ml 
Fluid capacity rate 
Specific heat [kJlkgK] 
Cambridge Engineering Selector 
Chemical Vapour Deposition 
Hydraulic diameter [ml 
Engineering Equation Solver 
Fanning friction factor 
Heat transfer coefficient [ w / r n 2 ~ ]  
Heat exchanger height [ml 
Intermediate heat exchanger 
Colburn factor 
Thermal conductivity [W/mK] 
Secondary losses 
Length [ml 
Log Mean Temperature Difference method 
 ater ria^ index 

Flow rate 
Number of cells high 
Number of cells wide 
Nanostructured 
Number of Transferred Units 
NusseIt number 
Pebble Bed Micro Model 
Pebble Bed Modular Reactor 
PrandtI number 
Heat transfer 
Resistance against heat transfer 
Fouling Factor 
Reynolds number 
Silicon carbide 
Stainless steel 
WallRin thickness 
Temperature 
Overall heat transfer coefficient 
Heat exchanger width 
Tungsten-copper alloy 
Weighted Property Index Method 
Weight percentage 
Inlet velocity head / dynamic pressure 
Effectiveness-NTU method 
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Greek symbols 
a Heat transfer area density [m2/m3] 

P Density [kg/m3] 
AP - Pressure drop [kpa] 
AT - Temperature drop PC or K] 
E - Efficiency 

70 Overall surface efficiency of a finned surface 
OY - Yield strength of the material 
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Subscripts 
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Chapter 1 

"The future of mankind is inextricablepom nuclear energv. As the world population increases 

and eventually stabilizes, the demands for energv to assure adequate living conditions will 

severely tax available resources, especially those offossil fuels. New and different sources of 

energy and methods of conversion will have to be explored and brought into practical use. The 

wise use ofnuclear energv, based on understanding of both hazards and benefits, will be required 

to meet this challenge to existence. " (Murray, 2000:XV) 

Because of statements like the above, nuclear energy has been recognized as a major 

alternative for electricity generation, for many years. According to Smith (2000: 1213) it 

is only since 1973 that substantial research, development and demonstration projects have 

been undertaken into the application of nuclear power. 

The potential for economically competitive fission power cycles is largely dependent on 

achieving the highest net thermal efficiency. According to Schleicher et al. (2000: 1) a 

way of increasing fission power cycle efficiency, is by increasing the effectiveness of the 

recuperator. 

A recuperator is described by The Encyclopaedia of Alternative Energy and Sustainable 

living (daviddarling website, 2005) as: '2 heat exchanger i n  which heat i s  recovered 

)om the product of combustion. " 

Efficiency is described as: "The relationship between potentially usable energy and  

actually used energy. " 

Effectiveness is described as: "The degree to which a system's features and  capabilities 

meet the user's needs. " 
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Recuperators in power generating cycles are used to preheat the gas flowing to the core, 

by extracting the remaining gas energy at the turbine outlet. This concept of heat 

recovery is used to improve the thermal efficiency of the thermodynamic cycle. An 

example of a power generation cycle design in which a recuperator is used, is a nuclear 

reactor with a modular pebble bed reactor. 

The Pebble Bed Modular Reactor (PBMR), which is based on the original German 

design, is one of the projects that are currently underway in South Africa as an alternative 

to generate electricity. The power conversion cycle of the PBMR is based on a 

recuperative Brayton cycle with a multi-shaft configuration, (PBMR Website, 2004). 

Thonon and Breuil (2000: 1) claimed that the cycle efficiency of a Brayton cycle is 

improved by up to 50 %, by athe helium-to-helium recuperator. This indicates that the 

recuperator is a critical component, and that the efficiency of the cycle is largely 

dependent on the recuperator. 

The Pebble Bed Micro Model (PBMM) was built on the Potchefstroom Campus ofthe 

North-West University to test the control system of the intended PBMR and to verify the 

design results that were generated by the locally developed thermal-fluid network 

analysis code, ~ l o w n e x ~ .  A conventional shell-and-tube heat exchanger is employed by 

the PBMM as recuperator. The PBMM cycle efficiency is only 17%. The current duty 

for the recuperator is 437kW with an efficiency of 87% (Hasse, 2002: 1-23). The material 

used for the recuperator tube material is AISI 304, with a thermal conductivity of 15- 

17 WImK. 

Increasing the effectiveness of the recuperators for the above cycles is straightforward, 

but results in a dramatic increase in the recuperator's size and weight, which leads to an 

increase in cost. 

School of Mechanical Engineering, NWU 2 
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1.2 PURPOSE OF STUDY 

The purpose of this study, therefore, is to review methods of improving recuperator 

efficiency and/or effectiveness, and to employ the most promising methods in designing 

an improved recuperator for the PBMM. 

School of Mechanical Engineering, NWU 3 
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Chapter 2 

LITERATURE STUDY 

2.1 BACKGROUND 
The literature study will focus on ways of increasing the effectiveness and efficiency of 

recuperators. Measures that will be used for effectiveness measurements include cost, 

heat transfer area and overall heat transfer coefficient. 

Firstly the generic design methodology for heat exchangers together with ways of 

increasing the efficiency of heat exchangers will be summarized, as described by Kays & 

London (1 984) and Kakac et al. (1 98 1). 

2.1.1 Design methodology 

The design methodology of a heat exchanger involves a consideration of both the heat 

transfer rates between the fluids and the mechanical pumping power losses, to overcome 

fluid friction and moving the fluid through the heat exchanger. The methodology used 

for arriving at an optimum heat exchanger design is a complex one, not only because of 

the mathematics involved, but more particularly because of the many qualitative 

judgements that must be made. This process is an iterative one and is given in schematic 

fashion in Figure 2.1. 

The inputs for the design procedure include, along with the problem statement or 

specifications, the surface heat transfer, flow-friction design characteristics and 

information on the physical properties of the working fluids and material used for the 

recuperator. Trade-off factors may be developed to quantitatively weigh the relative 

costs of pressure drop, weight and heat transfer performance. 

For the sizing of heat exchangers there are two main categories according to Kakac et al. 

( 1  98 1 ) .  The first is the case where the core geometry, flow rate and entry temperatures 

School of Mechanical Engineering, NWU 4 
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are given. Here the question is, "What is the rating?" That is, what heat transfer rate and 

effectiveness is predicted and what are the resulting outlet temperatures. The second 

category is the sizing of the heat exchanger. For this case the flow rates and inlet and 

outlet temperatures must be given. This will provide the heat transfer rate and 

effectiveness. If the designer chooses to design a plate-fin heat exchanger, he can select 

the surface configurations of the fluid sides completely independently. This is one of the 

advantages of the plate-fin construction. 

If the designer selects counterflow conditions for the heat exchanger, only one of the 

pressure losses (AP's) can be prescribed. The other will become a dependent variable. It 

can only be changed by selecting a different surface for that side. In the case of the 

cross-flow heat exchanger both of the AP's can be prescribed. 

Figure 2.1 Methodology of heat exchanger design and optimization (Kakac et al., 1981). 
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Some important factors playing a role in designing a heat exchanger with a high 

effectiveness, according to Kays & London (1984), are as follows: 

> For fluids with a high density the heat transfer rates are much higher than the 

pumping power required. In this case the pressure loss due to friction does not 

play a controlling role in the design. But in the case of a fluid with a very low 

density, such as gases, it is very easy to spend more mechanical energy in 

pumping the fluid than is recovered through heat transfer. Kays & London (1 984) 

claims that mechanical energy, in most thermal power systems, is worth 4 to 10 

times as much as the equivalent in heat. 

This suggests that keeping the pressure loss over the heat exchanger as low as 

possible, is very important for an application where two gases are used. 

P As the velocity of the fluid increases the heat transfer rate will also increase. The 

only problem is that the friction-power expenditure also increases. In the 

instances of gas-flow heat exchangers, such as the recuperator, the limitations that 

the fiiction-power generates force the designer to arrange for moderately low 

mass veIocities. Low mass velocities together with low thermal conductivity of 

the gasses, relative to liquids, result in low heat transfer rates per unit of surface 

area. It can be said that compactness lead to higher performance. A compact 

surface has small passages, and the heat transfer coefficient always vary as a 

negative power of the hydraulic diameter of the passages. 

This means that the heat exchanger must be as compact as possible. For it to be 

compact the hydraulic diameters of the flow channels must be as small as possible 

to maximize the heat transfer area. This must be done in such a way that the 

pressure loss over the heat exchanger doesn't become too high. 

P The effect of longitudinal conduction in the heat exchanger does not play a 

significant role in the design of a heat exchanger. Conduction through the walk is 
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much higher than that of the fluid. The only time where it will have an influence 

is when the flow length is very short and the effectiveness high. 

This means that the thermal conductivity of the heat exchanger material has to be 

as high as possible through the walls. The conductivity in the flow direction of 

the working fluid and walls do not play a major role. 

9 Uniformity of flow distribution is the primary fimction of the headers. Thus, the 

design objective of headers is to distribute the flow uniformly through the core to 

minimize the mechanical energy losses. A poorly designed header will result in a 

lower pressure drop (AP) over the core, but the penalty will be paid in the fact that 

the heat transfer will be much lower. (Kays & London, 1984) 

If the total AP is small, say less than 10% of the inlet pressure of the matrix, the 

header design will not impact greatly on the flow distribution. However, 

frequently AP may be higher than 30% of the matrix inlet pressure, only then does 

header design become important. 

2.2 INCREASING HEAT EXCHANGER 
EFFECTIVENESS 

Literature found on increasing the effectiveness of recuperators is discussed under the 

following headings: 

9 The effect of internal flow conditions on recuperator effectiveness. 

9 The effect of the material selection on recuperator effectiveness. 

9 The effect of recuperator construction type on recuperator effectiveness. 

School of Mechanical Engineering, NWU 7 
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2.2.1 The effect of internal flow conditions on recuperator 
effectiveness 

Manglik et al. (2005) investigated the effect of low Reynolds numbers in forced 

periodical convection for wavy-plate-fin compact channels. Results highlighted the 

effect of wavy-fin density on the velocity, temperature fields, the isothermal Fanning 

friction factor (f) and the Colbum factor (j). The thermal boundary layers on the fin 

surface were thereby periodically interrupted, resulting in high local heat transfer near the 

recirculation zones. Increased fin density, however, tended to dampen the recirculation 

and confine it. The extent of swirl increased with flow rate, when multiple pairs of helical 

vortices were formed. This significantly enhanced the overall heat transfer coefficient as 

well as the pressure drop penalty, when it was compared to that of a straight channel with 

the same cross-section. The relative surface area compactness as measured by the (j/f) 

performance increases with fin density. 

In the study of Sahin (1997), an effectiveness analysis of a recuperator was carried out for 

obtaining a possible optimum recuperator size. In this analysis, the effect of viscous 

frictional heating on the recuperator effectiveness was considered. Using the appropriate 

boundary conditions and solving the governing differential equations, the temperature 

variations in both streams were obtained. The compressor power required for operation 

and additional energy needed to raise the fresh air temperature to room temperature were 

investigated. Then, the effectiveness which could be considered as a function of number 

of geometrical and flow parameters was optimized. The optimum size of a recuperator 

was obtained analytically and the parameters that have an effect on the size of the 

recuperator studied. Sahin (1 997) concluded that: 

The viscous frictional heating reduced the recuperator effectiveness. 

P An optimum size can be obtained, in which the thermal effectiveness becomes a 

maximum. This optimum size depends on the viscosity of running fluids. 

P A limiting value of NTU (maximum size of recuperator) can be found such that 

the effectiveness drops to zero. 

School of Mechanical Engineering, NWU 8 
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Minhas & Lock (1996) investigated the effect of the Prandtl number on the heat transfer 

characteristics of a bayonet tube. The Reynolds number was varied over the laminar and 

transitional range 3 .50~  Re <2625. They found that the Prandtl number has a significant 

influence on the heat transfer rate, especially in the laminar regime. The Prandtl number 

decreased the thermal boundary layer on the outer tube if the Prandtl number is increased, 

which contributed to an increase in heat transfer. 

Manglik & Bergles (1995) investigated the influence of offset strip fins on heat transfer 

and pressure drop. They included the transition region between laminar and turbulent 

flow in their study. A suggested arrangement, to improve heat transfer rates, considered 

a large enough offset to put successive fins out of the wakes of their immediate upstream 

neighbours. The heat transfer and friction factor data for 18 offset strip fin surfaces had 

been analyzed and were shown to be affected by the fin geometric parameters along with 

the Reynolds number. In the absence of quantitative data, no definite design 

recommendations could be made. 

The paper by Zhu & Zhang (2004), discussed an integrated optimal design of the 

materials, placement, size and flow-rate of a plate heat exchanger. The paper also 

illustrated how the placement of flow channels influence the heat transfer area. By 

optimizing the design, plate heat exchangers will effectively be smaller, which will lead 

to a reduction in cost of the heat exchanger. Titanium was selected as the material for 

this recuperator, as it has the necessary resistance to high chloride concentrations. The 

two arrangements used for the plates were lambdoidal and straight. The operating 

pressure of the lambdoidal arrangement exceeded 1.0 MPa, while that of the straight 

model was about 1.0 MPa. In addition, the heat transfer coefficient and pressure drop of 

the lambdoidal arrangement were both higher than that of the straight model. Zhu & 

Zhang (2004) concluded that the flow velocity influenced both heat transfer efficiency 

and pressure drop. They found that the higher the flow-rate of the circulating water, the 

smaller the heat transfer area needed to achieve the same efficiency. A problem 

identified was that for a higher flow-rate, the pressure drop increased. 

School of Mechanical Engineering, NWU 9 
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The thermal performance of pin-fin assemblies, for in-line and staggered configurations, 

was investigated experimentally by Babus'Haq et al. (1995). The materials used for the 

pin-fins were an aluminium alloy (k = 168 WImK), mild steel (k = 54 WImK) and 

polytetrafluoroethene (k = 1.7 WImK). They found that the staggered configuration 

yielded a higher steady-state heat transfer rate than the in-line configuration, when both 

were under similar conditions and for an equal number of pin-fins. The optimal 

separation between the pin-fins in the streamwise direction, corresponding to the 

maximum rate of steady-state heat transfer from the assembly, increased as the thermal 

conductivity of the pin-fin material increased. The optimal separations in the spanwise 

direction remained invariant. The overall pressure drop along the heat exchanger for all 

tested configurations was found to increase steadily with increasing mean inlet velocities 

and with decreasing uniform pin-fin spacing. 

Herman & Kang (2002) visualized unsteady temperature fields in the grooved channel 

with curved vanes using holographic interferometry. The heat transfer performance of 

the investigated channel was compared with that of the basic grooved channel. The 

addition of curved vanes above the downstream end of the heated block redirects the flow 

from the main channel into the groove. Heat transfer shows an increase by a factor of 

1.5-3.5, when compared to the basic grooved channel, mainly due to increased flow 

velocities in the groove region. Flow transition from steady to oscillatory occurred 

around Re = 450 and flow oscillations contributed to heat transfer enhancement. The 

pressure drop was 3-5 times higher than in the basic grooved channel. 

Wang et al. (1 999) presented a paper on a gas-to-gas heat exchanger with strip fins. The 

heat exchanger design and construction were based on a method sealing rectangular strip 

fins in slots in opposite walls of a rectangular pipe. Fins were fixed and sealed to the 

walls simultaneously by high temperature brazing of glass mixed with metals in a 

furnace. The additional advantage of glass was that it formed a coating on the heat 

transfer surface to protect the surface from corrosion. A number of measurements were 

carried out to test the performance of the heat exchanger. The results measured indicated 

that the heat transfer coefficient and pressure drop increased with the ratio of heat transfer 
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area to volume (fin density). From the point of pumping power per unit heat transfer 

surface area, high density displayed high performance. In the higher Reynolds number 

region, whistle happened and caused a higher friction factor. 

O'Doherty et al. (2001) considered the assessment and analysis of heat transfer 

enhancement devices which could be taken into account for a bayonet tube heat 

exchanger. Due to restraining conditions, such as material selection and manufacturing 

complexity, simple rib roughened surfaces in the form of rings were used on the air side 

flow, in the annulus. Analysis of the effect ofthe rings was studied, starting from cited 

geometries, using computational fluid dynamics. Validation was carried out using laser 

diagnostics. For the range of Reynolds numbers (Re,,, =160,000) considered, the optimal 

ring configuration was a ring to annulus height ratio of 0.37 with a pitch to ring height 

ratio of 10. This proved to be the optimal heat flux to pressure drop ratio for the given 

conditions. This resulted in a predicted enhancement fiom 230 to 650 kw/m2 heat flux, 

but at the expense of an increased pressure drop by a factor of around 12. 

2.2.2 The effect of the material selection on recuperator 

effectiveness 

In his work, McDonald (2003), looked for methods of increasing the effectiveness of 

microturbines. One of the methods he explored was by increasing the temperature in the 

cycle. A problem he experienced with increasing the temperature in the cycle was that 

the materials had to be able to cope with this higher temperature. Table 2.1 is a list of the 

materials selected by McDonald (2003) as the materials to be used at the various 

temperatures. He claimed that ceramic materials could be the key to higher temperatures 

and higher efficiencies for microturbines. A bi-metal recuperator was proposed in order 

to reduce the cost of recuperators. By using a bi-metal recuperator it is possible to use a 

cheaper material for the low temperature region and the more expensive material only for 

the section with the higher temperature. 
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Table 2.1 Heat exchane:ermaterials at different temperatures

In their paperNatesan et al.(2003)Fe-Cr-Nialloys such as Alloy 800Hand austenitic

stainless steelswere consideredfor recuperatorsand reactor internals,while nickel-based

alloys such as 617, HastelloyX, and HastelloyXR were consideredfor componentsthat

are exposedto the heliumcoolant at temperaturesof up to 900°C. Figure 2.2 illustrates

how the thermal efficiencyof a microturbineincreasesas the turbine inlet temperature

increases. Also on Figure 2.2 are the differentmaterialsused at these temperatures. The

selectionof these materials is primarilybasedon material strengthat high temperatures.

Figure 2.2 The influence of recuperator materials on thermal efficiency (Nates an et al.,

2003)

A novel type of high temperatureheat exchangerwas presented by Luzzatto et al. (1997),

where the main heat transfer parts were madefrom CMC (CeramicMatrix Composite)

materials. The CMC materialused was a particlesreinforcingphase-basedmaterial,
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SiC,/A120;. The heat exchanger was based on a modular concept and could handle very 

high temperatures and pressures. The design was performed by means of computer 

codes, such as the COHEX code (developed ad hoc), ANSYS and RECUP, to validate 

some of the results presented. This design: 

3 Reduced the total volume-to-surface ratio of the heat exchanger. 

3 Overcame some material manufacturing limitations such as size of 

components, number of seals and differential thermal expansions. 

P Showed smaller brittleness, higher toughness, corrosion and creep resistance, 

less harmful failures, with respect to designs based on monolithic materials. 

It also exhibited better reliability and durability. 

The main focus of the study by Seong et al. (2000) was high temperature corrosion in 

steel mills. According to Seong et al. (2000) ferritic stainless steels are the preferred 

choice as recuperator material for steel mill recuperators, as their thermal expansion and 

heat transfer properties are better than those of austenitic stainless steels. They found that 

for applications where the temperature was above 900°C, Silicon Carbide (Sic) was used 

as pipe material for the recuperators. To improve the service life of the recuperator pipes, 

Seong et al. (2000) evaluated several protective metal coatings. The coatings 

investigated were cobalt - (10095) and nickel-based (1 30 17 & 1680 1). These coatings 

can protect the base material against hot corrosion, erosion and abrasion. Test results 

showed that coatings with high chromium content, either as a form of carbide or as an 

alloying element, had excellent corrosion resistance. As a form of carbide, the Cr3C2- 

NiCr coatings, sprayed by the HVOF (High Velocity Oxygen Fuel) thermal spray 

process, and as an alloying metal, the 45CT coating were recommended as a promising 

coating for heat exchanger pipes used in steel mills. Seong et al. (2000) even 

recommended these coatings to be used in cases where molten salt corrosion attack is 

experienced. 

Boomsma et al. (2003) discussed the use of metal foams as compact heat exchangers. 

Open-cell metal foams with an average cell diameter of 2.3 mm were manufactured from 

6 10 1 -T6 aluminum alloy and were compressed and fashioned into compact heat 
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exchangers measuring 40mm x 40 mm x 2.0 mm high, possessing a surface area to 

volume ratio of 10 000m2/m3. They were placed into a forced convection arrangement 

using water as the coolant. These experiments performed with water were scaled to 

estimate the heat exchangers' performance when used with a 50% water-ethylene glycol 

solution, and were then compared to the performance of commercially available heat 

exchangers which were designed for the same heat transfer application. The heat 

exchangers were compared on the basis of required pumping power versus thermal 

resistance. It was found that the compressed open-cell aluminum foam heat exchangers 

generated thermal resistances that were two to three times lower than the best 

commercially available heat exchanger tested, while requiring the same pumping power. 

The work of Tadrist et al. (2004) illustrated the advantages of using fibrous materials in 

heat exchangers. They also investigated the impact of local structure of the solid matrix 

over transport properties. Fibrous materials present unique characteristics, which lead to 

a strong increase of thermal performances without adding much pressure drop. 

The use of such a metallic matrix in channels had the following outcomes: 

k Convective boiling. 

P An increase in heat transfer. 

P Very low superheat. 

P Higher critical heat flux than for regular tubes. 

These metallic structures presented interesting mechanical properties, high surface-area 

density and are easily manufactured. Because of these properties they could be used to 

simultaneously increase thermal efficiency and participate in added strength in the 

mechanical design of heat exchangers, leading to higher compactness and manufacturing 

cost savings. 

Maziasz et al. (2003) investigated materials to be used at 650°C, 700°C and 760°C. Their 

objective was to work with recuperator manufacturers and commercial suppliers of foil 

and thin sheets. This was done in order to enable manufacture and evaluation of 

upgraded recuperators from cost effective alloys with improved performance and 
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temperature capability. Oxidation/corrosion testing at 650°C in 10% water vapour 

indicated very severe attack on AISI 347 steel after only a few thousand hours. This 

indicated that alloys with significantly better properties were needed for temperatures 

ranging from 650°C and higher. Maziasz et al. (2003) suggested the use of AL347HP 

(AISI 347 modified by ORNL and Allegheny-Ludlum Technical Center) as material for 

temperatures up to 704OC (1300°F). The recommended materials to use at 760°C 

(1400°F), or higher, included foils of HR120 (from Elgiloy Specialty Metals) and AlIoy 

NF709 (20Cr/25Ni, Nb, N). 

2.2.3 The effect of recuperator construction type on 

recuperator effectiveness 

Traverso & Massardo (2005) presented a new approach for the optimization of 

microtubine recuperators from a technical and economical point of view. The procedure 

proposed has been implemented in software called CHEOPE (Compact Heat Exchanger 

Optimization and Performance Evaluation). Types of recuperator constructions 

considered were brazed plate-fin and welded primary surface recuperators. The method 

used was based on achieving the following outcomes: 

> Best compactness. 

> Minimum cost. 

> Nominal total pressure drop. 

Traverso & Massardo (2005) presented equations for the determination of minimum plate 

thickness. With the use of these equations they claimed to have improved the 

compactness of recuperators more efficiently. Results of the study showed that the 

primary surface recuperator was the best choice for microturbine applications. This is 

mainly due to the fact that the primary surface recuperators were able to combine high 

heat exchanger effectiveness and smaller volumes, which also caused a decrease in the 

weight of the recuperator. According to Traverso & Massardo (2005) the lower 

compactness and higher material requirements of the plate-fin concept, are mainly related 

to the lower heat transfer effectiveness of the secondary surfaces. This lower 
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effectiveness of the secondary surfaces caused the heat exchanger to require more heat 

transfer surface for the same design-performance specification. CHEOPE was shown to 

be able to identify plate-fin recuperator designs with a cost reduction of up to 20%, when 

the least expensive solutions are compared to the most compact designs. It was found 

that, the higher the effectiveness and the size, the higher the potential reduction in cost 

given by the optimization. For the most cost-effective plate-fin recuperators, the specific 

capital costs ranged from 125$/kW to 190$/kW (R840.00 to R1276.80, if l$  is taken as 

R6.72 as 23 June 2005), depending on the effectiveness required and the size of the plant. 

In all the case studies presented in this paper of Traverso & Massardo, primary surface 

recuperators were shown to be able to decrease the volume and the material weight by 

50% or more when compared to an equivalent plate-fin heat exchanger. This in turn 

implied an even higher potential for cost reduction due the simpler and cheaper 

production process. 

Whyatt (2003) used a micro-channel recuperator for his design. As the flow rate was 

very low for this design, this was the ideal construction. The material used was the 

nickel-based alloy, Inconel 600. Flow channels were photo-chemically etched into the 

sheets, afier which the plates were diffusion bonded. This increased the heat transfer area 

and lead to a more compact design, which had a significant decrease in the material costs. 

Boman & Doty (2002) presented heat exchangers operating under laminar conditions, 

even at high levels of power and flow. This was achieved by using hundreds (or 

thousands) of parallel micro-tubes. This type of heat exchanger construction is also 

known as a micro-tube strip heat exchanger. The results of the study showed good 

performance with a factor-of-four increase in specific conductance (heat-exchange power 

per mass per LMTD, Wlkg K) relative to comparable compact designs with high 

effectiveness. According to Boman & Doty (2002), the effectiveness that was achieved 

in this study, still falls slightly below the calculated theoretical effectiveness. 

In the second part of their paper, Thonon & Breuil(2000) made a selection of candidate 

heat exchanger constructions to be applied as recuperator operating at high temperatures, 
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maximum temperature above 500°C. This selection was based on their capabilities to 

cope with the operating conditions parameters (pressure, temperature and flow rate) and 

other parameters such as fouling, corrosion, compactness, weight, maintenance and 

reliability. Within the high temperature reactor context and due to the high pressure 

difference for the recuperator, only welded, brazed or diffusion bonded heat exchangers 

were suggested. Diffusion bonded heat exchangers with micro-channels appeared to be 

the most promising concept for recuperator applications. In spite of a more important 

pressure drop, this concept was rated as the best, in particular in terms of reliability, 

mechanical resistance and compactness. This concept has been proposed as alternative 

solution to the frame of the GT-MHR and PBMR projects. 

Yan et al. (2003) introduced overall objectives of the GTHTR300 power plant program 

and described the plant design and development approach taken to achieve their goals. 

The GTHTR300 power plant program is a design and developmental program for the gas 

turbine high temperature reactor with 300MWe nominal-capacity undertaken by the 

Japan Atomic Energy Research Institute. The first approach that was used to lower the 

recuperator cost is minimization of weight and volume, given the thermal duty specified 

for the cycle design. The fact that both sides of the recuperator operate in non-corrosive 

and non-erosive helium, permitted the use of an extremely compact plate-fin surfice. For 

a fixed heat transfer duty and effectiveness, the weight and volume of recuperator 

depended heavily on the selection of fin compactness. This meant that the fin geometry 

(fin height and fin pitch) used, had to be as small as practical in fabrication. The 

recuperator design selected a fin size of 1.2mm height by 1.2mm pitch as the optimum 

dimensions. 

Esbeck et al. (1997) gave an annual ATS (Advanced Turbine Systems) report that was 

required from Solar Turbines Incorporated under contract for the development of the 

Mercury 50. Solar's proven primary surface recuperator construction was used. The 

construction was rugged and the modular nature of the design gave it superior flexibility 

to handle thermal stresses. Air cells were constructed from 0.004 inch thick sheets made 

of AISI 347 stainless steel folded into a corrugated pattern. This folded shape maximized 
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the primary surface area that is in contact with the working fluids. Clamping the cells 

rather than welding them to one another allowed the assembly to flex frkely to relieve 

stresses, rather than concentrating stresses at the weld locations. The primary surface 

recuperators were significantly smaller and lighter than competing technologies, had 

superior performance, improved reliability and could easily accommodate the thermal 

transients associated with start-ups, shutdowns and full-load transients during turbine 

operation. The primary surface recuperator presented provided a high efficiency of more 

than 90%, with moderate pressure drop and a long life as demanded by industrial turbine 

applications. 

The focus of the literature study was to identify different methods of increasing the 

effectiveness of recuperators. 

It was found that there are many methods of increasing the effectiveness. For this study 

these methods were divided into three categories namely: 

P Improving internal flow conditions. 

k Optimizing the material selection for recuperator. 

P Recuperator construction type used. 

Improving internal flow conditions mainly consisted of methods which added secondary 

surfaces like fins or fibrous materials in the flow passages. These fins increase the heat 

transfer area, which will increase the amount of heat that is transferred. Thus the higher 

the fin density the higher amount of heat transferred. Increasing the heat transfer area 

will lead to a more compact recuperator which will be smaller for the same duty and be 

less expensive. A disadvantage of adding fins is that as the fin density increases, so will 

the pressure loss over the core. The effect of varying different flow properties was also 

investigated, but as the properties are usually predetermined by the cycle, it is very 

diffkult to implement these methods. 
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Secondly materials and material selection methods used for recuperators were 

investigated. The aim of all the material selection processes found was to minimize the 

cost of the material. From the reviewed articles it is clear that materials used in 

recuperators are standardized and that only certain proven materials are used. The choice 

of material mainly depends on the maximum working temperature and type of working 

fluid (consideration of corrosion). For maximum working temperature the most 

important properties taken into account are the high temperature strength, creep and high 

temperature corrosion. A way of improving corrosion resistance of materials according 

to literature found was by applying a coating of a corrosion resistant material on the 

surface of the base material. 

Recuperator construction type was found to be a very important aspect of increasing the 

effectiveness of a recuperator. It is clear that certain construction types are much more 

compact than others and therefore more effective. The recuperator construction type 

used mainly depends on the specific requirements of the cycle in which it is implemented 

and has to be considered before any design can be finalised. 

An aspect that was found to be neglected during the material selection process of 

recuperators was the consideration of thermal conductivity at the working temperature of 

materials during the material selection process of recuperators. For low temperature heat 

exchangers copper is the favourite material used because of its very high thermal 

conductivity, about 390 W/mK at room temperature, and relatively low cost. It is only 

the decrease in strength of copper at high temperatures which makes it unsuitable for use 

if high pressures are experienced. Materials generally used for high temperature 

recuperators have a thermal conductivity of lower than 40 W/mK at operating 

temperature (500-1000°C). This is nearly 10 times lower than that of copper. 

For this reason the main focus of this study was to conduct a complete material selection 

for materials to be used for high temperature recuperators. The chosen material and other 

ways of increasing the efficiency of a recuperator, which was found in the literature, will 
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then were applied to design an improved recuperator to be employed in the PBMM, 

which is situated at the Potchefstroom Campus of the North-West University. 
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Chapter 3 

MATERIAL SELECTION PROCESS 

As seen in Chapter 2, certain materials are commonly used for the manufacturing of 

recuperators. These materials are selected according to the specific demands of the 

operational conditions in which the recuperator is employed. 

To select a material it is firstly necessary to determine the attributes to which a suitable 

material has to comply. Properties such as thermal conductivity and specific heat all play 

an important role in achieving an optimum design. Other factors such as price of material 

and manufacturing process, and manufacturability will also determine the choice of 

material. 

3.2 ENGINEERING ANALYSIS 

A suitable material has to comply with certain requirements that are set by the operating 

conditions of the cycle in which the recuperator is employed. For this study the material 

selection is based on the PBMM cycle. 

Table 3.1 gives the inlet conditions for the recuperator, which is employed in the PBMM 

cycle, for both sides. The maximum temperature and pressure that is experienced by the 

recuperator is 527.7"C and 805kPa respectively. The pressure difference (AP) between 

the two sides is 547.3kPa. It is necessary that the chosen material has adequate strength 

at the working temperature to be able to cope with this AP. To minimize thermal stress, 

which is caused by the difference in temperature, a material with minimal thermal 

expansion and thermal fatigue would be preferred. 
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Table 3.1 Inlet properties for the recuperator in the PBMM cvcle (Hasse, 2002). 

According to the literature study the most effective recuperator is one with a maximum 

heat transfer area. This can be achieved by using very small flow channels of an infinite 

number. In order for the channels to be small, in the range of 0.001mm, the channels 

have to be machined very finely or etched into the plates. Joining of the plates to each 

other with the use of brazing, welding or diffusion bonding is a must for a leak-tight 

recuperator. 

As is the case in most designs, cost also plays an important role in the selection of the 

material. 

The strategy followed in the selection of an appropriate material was summarized as 

followed by Ashby (1 999). 

Determining the function, objective and constraints of the design. 

Consider all materials as a candidate material until1 proven otherwise. 

Screening, eliminating those that lack the required design attributes. 

Ranking those which remain, using material indexes. 

Apply a decision matrix to determine whether the material is practical. 

Seeking support information for the top candidates. 

Making a final choice. 

School of Mechanical Engineering, NWU 2 2 



Chapter 3 Material Selection process North- West University 

Figure 3.1 will be considered a simplification of the recuperator for illustration purposes. 

As mentioned, the first step is to determine the fhction, objective and constraints of the 

design. Table 3.2 gives the function, objective and constraints of the recuperator. 

Figure 3.1 Illustration of a simple plate heat exchanger 

Table 3.2 Desi~n requirements for the recuverator material 

Screening was done by plotting graphs with properties against each other to eliminate the 

materials that will not be able to operate at these conditions. All available materials are 

considered by using the material databases that are available. For this study, Cambridge 

Engineering Selector (CES) Version 3.1 was used. More information on all of the 

candidate materials were then searched for, to determine whether the solution would be 

realistic or not. This search led to the discovery of other candidate materials, not 

considered in the CES data base. The main consideration for these other candidate 

materials was their very high thermal conductivity. 

Ranking is done by determining a material index (M) to which the material has to 

comply. A material index is a group of properties that, if maximized, maximize some 

aspect of the performance of the component. 
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The resultswere then sorted into an orderranging from the best to the not so good choice

of materialwith the help of the decisionmatrix method. Onlyafter this whole process a

well informedfinal decision was madeon the best material for the recuperator.

3.3.1 Selection

Screening was done with the assistance ofthe constraints as indicated in Table 3.2.

To comply with these constraints graphs were plotted for:

)p> Maximum service temperatures vs. Price

)p>Materials vs. Shape (Plate)

)p> Hardness vs. Materials

)p>Thermal conductivity vs. Materials

All graphs were drawn by using the database Cambridge Engineering Selector (CES).

See Figures 3.2-3.5.
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Figure 3.2 Maximum service temperatures vs. Price.
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For the plot in Figure 3.2 the limit for the maximum service temperature was set at 

temperatures higher than 800K. The price was neglected at first to get the best possible 

materials. Later the limit was lowered to get a more cost-effective material. 

In the plot, shown in Figure 3.3, different materials were plotted against available shape. 

The shape required for the material of the recuperator is plate form. 

Shape:\Sheet 

Shape Plate 

Figure 3.3 Materials vs. Shape (Plate). 

In order to shape and machine the material, the material must not be too hard. Figure 3.4 

shows a plot of hardness ranges for the materials. This was used to eliminate the 

materials which are too hard to machine. 
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Thermal conductivity is the measure of ability to transfer heat through the material. A

suitable material for the recuperator must transfer as much heat as possible. For this

reason thermal conductivity was plotted against the material. See Figure 3.5 forthis

graph.
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After screening, ranking was done. Ranking is done with the use of material indices. 

Because the material index is independent of the geometry, tubular geometry will be 

considered for the deviation of the material index for this recuperator. As stated in Table 

3.2 the main objective in this selection is to maximize the heat flux per unit area exposed 

to the fluid with no failure under AP. Heat flux is expressed as: 

With: q = Heat flux 

k = Thermal conductivity 

AT = T I  -T2 

t = Wall thickness 

Strength to withstand AP is expressed as: 

hP.r  
(T=- oy 

t 

With: o 5 oy (Because the maximum stress allowed has to be lower than the yield 

strength of the material) 

AP =Pressure difference between the primary and secondary sides. 

r = Radius ofthe tubes. 

This is then written as: 

If this equation is substituted in equation (3.1) to eliminate t, equation (3.1) becomes: 

The material index (M) is the part of equation (3.4) with all the material properties: 

M, = ko,. (3.5) 

To maximize q the material index must be maximized. 

-- 
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In order to plot a graph illustratingthis selection,the indexwas written in the form

y=mx+c. This was done as follows:

M1 =kCFy

Written in log form, equation 3.5 is written as:

(3.5)

logMI = logk + logCFy

logCFy =-log k + 10gMI

(3.6)

(3.6.1)

Figure 3.6 showsthe graph for MI.
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Figure 3.6 Elastic limit vs. Thermal Conductivity

Anotherconstraintfor the recuperatoris that the materialmust be thermal shock resistant.

A materialindex was determinedfor this constraintas followed. Firstly the deformation

(E)of a materialwas considered. This is expressedas follows:

e=CFy/E

whereE = Young's modulus

(3.7)
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The deformation of a material due to a change in temperature is expressed as: 

E = aAT (3.8) 

where a = thermal expansion 

By substituting deformation in equation 3.7 with equation 3.8, equation 3.7 can be 

written as: 

LTd = abT (3.9) 

In order to determine the material index, all the material properties must be grouped. If 

this is done equation 3.9 is written as: 

Thus the material index is: 

In order to plot a graph illustrating this selection, the index was writtien in the form 

y=mx+c. This was done as follows: 

Written in log form, equation 3.1 1 is written as: 

log M ,  = logo, - log E a  

logo, = log E a  + log M, (3.12.1) 

Figure 3.7 shows the graph for M2. 
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Figure 3.7 Elastic limit ys. Young's Modulus*Thermal Expansion

After screening and ranking was carried out, a number of materials were considered as

possible candidate materials for the recuperator. Table 3.3 is a list of these candidate

materials from the database CES.

Table 3.3 List of candidate materials after screeninl! and rankinl!

3.4 Ev ALVATION OF CANDIDATE MATERIALS

During the evaluationprocess,more infonnationon the candidate materialswas gathered

in order to see whetherthe materialscomplywith the restrictionsand could be used for

the application. Theevaluationof the candidatematerials will be discussedin the

followingsection.
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3.4.1 Tungsten and tungsten alloys 

3.4.1.1 Pure Tun~sten 

Tungsten is mostly used for its excellent high temperature properties. High hardness, 

4500-5300 MPa (CES, 2000), and strength, 1350- 1680 MPa (CES, 2000), makes it 

highly resistant to mechanical wear, (Lassner & Schubert, 1998). 

Tungsten could be shaped by hot rolling at a temperature between 1600 and 1650°C 

(High-density Tungsten based materials, 2005). 

Tungsten has the highest melting point and lowest vapour pressure of all metals, and at 

temperatures over 1650°C has the highest tensile strength. Because of its very high 

melting point, 3410°C, the temperature at which tungsten has to be sintered is very high. 

To sinter, tungsten must be kept at a temperature between 2700 and 3000°C, (Lassner & 

Schubert, 1998). 

Pure tungsten was chosen by the Weighted Property Index Method (WPIM) as a possible 

material because of is very high elastic limit (1350-1 680 MPa) (CES, 2000) and 

relatively high thermal conductivity (1 70- 175 WImK) (CES, 2000). Tungsten has high 

temperature stability with a low thermal expansion with a value between 4.2-4.4 pm/K 

(CES, 2000). 

3.4.1.2 Tungsten-Copper alloys (WCu) 

WCu are materials that combine the thermal properties of copper with the high 

temperature properties of tungsten. Tungsten is the main component of these alloys and 

the reason for their high density (between 17 and 18.5 g,/crn3) (Lassner & Schubert, 

1998). WCu is not a real alloy in the strict sense of the word, because the mutual 

solubility of the components is practically zero. The copper serves as binder matrix, 

which holds the brittle tungsten grains together and which makes the alloys ductile and 

easy to machine. It is therefore called a pseudoalloy. 
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In the literature consulted, it was found that there are different methods of producing 

WCu. According to most of the literature on manufacturing of WCu found, the porosity 

of the final product seems to play an important role in achieving maximum thermal 

conductivity. This means that the aim is to achieve maximum density and the lowest 

porosity for the specific WCu. 

The methods achieving densities of more than 98% of the theoretical, for WCu 

composites with copper content 5-40 wt%, according to the literature found are: 

Mechano-thermochemical process, Hong & Kim (2003). 

Sintering under ultra-high pressure, Zhou & Kwon (2005). 

Thermo-mechanical method, Li et al. (2003). 

Nanostructured powders that was prepared by mechanical alloying. The 

compacted specimens were then sintered at temperatures in the range 1000- 

1 300°C, Kim & Moon (1998). 

Nanocomposite powder that was fabricated using Tungsten and CuO powder with 

the ball-milling and hydrogen-reduction process. Then it was sintered at 1 200°C, 

Kim et al. (2004). 

Infiltration of a porous tungsten structure, Lassner &, Schubert (1998). 

As high performance materials, WCu alloys/composites are characterized by high 

thermal conductivity, low thermal expansion and high wear resistance combined with 

excellent electrical conductivity. 

Both elements of these materials are very good conductors of temperature. High 

conductivity copper has a thermal conductivity of 391 W/mK (Matweb, 2005), and for 

tungsten it is 166 W/mK (CMW Elkon, 2005). With this in mind it is clear that with an 

increase in the wt% of copper the thermal conductivity will increase (see Figure 3.8), but 

the maximum service temperature will decrease. For ELKONITEB 50W3 the maximum 

service temperature is between 735 and 1 135°C (CES, 2000). The maximum service 

temperature of copper and tungsten is 350-620 and 1098- 1483 K respectively (CES, 
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2000). Thermal conductivity for the different WCu alloys varies fiom about 190 to 390 

W/mK. These are values measured by the different manufacturers as in Appendix A. 
I 

Temperature ("C) 

Figure 3.8 Temperature dependence of thermal conductivity of WCu (Kim et al. 2004). 

Figure 3.9 is a plot of what happens to the thermal conductivity with an increase in 

temperature of some metals. It is clear that with an increase in temperature there is a 

decrease in thermal conductivity for both W and Cu. But with the combination of the 

two materials in WCu this is not the case. Figure 3.7 is a plot of the temperature 

dependence of thermal conductivity of WCu. It is clear that with an increase in 

temperature there is an increase in the thermal conductivity of the different alloys. This 

is the case up to a temperature in the region of 550-600°C. As the maximum operating 

temperature of the PBMM plant is 527.7"C, the decrease in thermal conductivity at higher 

temperatures does not affect the material selection for this specific study. 

The thermal expansion of WCu also varies as the wt% of copper varies. Tungsten has a 

very low thermal expansion, 4.2-4.4pm /K, while that of copper is much higher, 16.9- 

1 8 p  /K. Thus as the copper content increases so will the thermal expansion of the 

alloy. For the thermal expansion of WCu found in the literature study, see Appendix A- 

1. 
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Figure 3.9 
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Temperature dependence of thermal conductivity of some metals (Smid & 

German, 2003). 

At room temperature the composites behave in a brittle manner. Regardless of the 

hardness and brittle nature of this material, it could be machined using cemented carbide 

tools, (Machining Popular ELKONITE materials, 2005). 

Material with a copper content of 5-45 wt% is commonly available at most manufacturers 

as listed in Appendix A-1. Material is available as sheets or could be ordered as finished 

parts, (Technical information CMW Inc, 2005) & (Barabash et al., 2000:1248). 

From the research on WCu it was found that CES only included one WCu in its database. 

Because WCu looks like a very good candidate material more WCu alloys were included 

in the list of candidate materials. The alloys included are listed in Table 3.4. 

Table 3.4 Tungsten-copper alloy included as candidate materials. 

3.4.1.3 Tungsten heavy metal alloys, (Lassner & Schubert, 1998). 

The term tungsten heavy metal is used for a group of two-phase composites, based on W- 

Ni-Fe and W-Ni-Cu-(Fe). They are used wherever high density, excellent mechanical 
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properties, and good workability are required. Tungsten is the main component of these 

alloys (typically present in the range of 90 to 98 wt%) and the reason for their high 

density (between 17 and 18.5 g/cm3). Nickel, iron, and copper serve as a binder matrix, 

which holds the brittle tungsten grains together and which makes the alloys ductile and 

easy to machine. 

Heavy metals are produced by conventional powder metallurgy techniques. A flow chart 

of the fabrication process is shown in Figure 3.10. Elemental powders (W, Fe, Ni, and 

Cu) are blended in mixers or ball mills to the desired ratio, compacted to form a green 

body, and subsequently liquid-phase sintered. Assuming proper manufacturing 

conditions, they exhibit full or near-theoretical density in the as-sintered condition. 

Powder particle sizes are in the range of 2 to 6 pm. Both die pressing and isostatic 

pressing (dry- and wet-bag pressing) are in use. No lubricant is commonly added, since 

the green strength is high enough to handle the compacts. Powder injection molding is 

used for applications where net shaping is desired and large quantities of complex parts 

are produced. Sintering is commonly carried out in molybdenum-wire resistance-heated 

furnaces under hydrogen or nitrogen mixtures (dissociated ammonia) but can also be 

performed in vacuum units. The use of wet hydrogen has become industrial practice to 

suppress hydrogen embrittlement. The temperaturehime program of the sintering cycle 

must be adjusted to the composition and size of the sintered parts. A cleaning step in 

hydrogen at 1000°C is commonly performed to render the outgassing of volatile 

compounds. High-purity powder grades must be used for sintering. Otherwise, blistering 

will occur on liquid-phase sintering, and interface precipitations will occur on cooling. 

Isothermal sintering is carried out above the eutectic temperature, typically between 1440 

and 1 500°C, but can be as high as 1600°C. The higher the tungsten content of the alloy, 

the higher the temperature. Tungsten-nickel-copper alloys are sintered at somewhat 

lower temperatures than tungsten-nickel-iron alloys. Sintering times are between 30 

minutes and two hours. The solubility is highest in binary W-Ni alloys (up to 40 wt%; 

resulting in low ductility), but additions of Fe and Cu depress it to lower values (typically 

20 to 25 wt% W), providing a tough and ductile binder matrix. Optimal mechanical 

properties require subsequent heat treatment of the alloys. Solution annealing at 900 to 
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1300°C and subsequent quenching to avoid impurity segregation and formation of 

intermetallic phases significantly improves ductility. Heavy metals can be cold-worked 

(swaged, rolled) to increase hardness and strengths at the expense of elongation and 

toughness. Aging at 500°C after 25% deformation (cold work) is a compromise to 

achieve both high ultimate tensile strengths and elongation. Conventional procedure is a 

double swaging-heat treatment cycle (deformation 25-30%). Heavy metals exhibit a 

ductile-to-brittle transition temperature. In comparison to pure tungsten it is, however, 

not a sharp transition but spreads over several hundred degrees. Although a considerable 

amount of densification already occurs during solid-state heating, isothermal liquid-phase 

sintering is a prerequisite to obtain near-theoretical density and a high degree of 

microstructural homogeneity. Rapid final densification occurs on formation of the liquid 

phase under the action of capillary forces. Particle rearrangements, 

solution/reprecipitation processes, and coalescence contribute to a higher packing density 

and a significant grain coarsening during sintering. The original tungsten powder grain 

size of 3-5 p.m is transformed during sintering to rounded tungsten particles (spheroids) 

of at least I0 times the original grain diameter. Shape accommodation (formation of 

polyhedra with rounded corners) plays an important role in high tungsten alloys, where 

only a small quantity of liquid is available for achieving full density. 

Blend~ng 1 Powder Treatment 
I . . . .  .................................................................... ...... f . .  ............................. 

Presinter Compaction Oensification and : [Lubricated Powers ] Alloying 

.............................................. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  " ..; 
Post-sinter Thermal j 

hnealing and Mechanical Final Maching 
Treatment 

Figure 3.10 Manufacturing process of tungsten heavy metal alloys, (Lassner & 

Schubert, 1998). 

The tungsten heavy metal alloys that are considered as material for the recuperator are 

Tungsten-2%Nickel- 1%Iron alloy (ROSM WH9766F), Tungsten-3%Nickel-2%Iron alloy 
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(ROSM WH9560F), Tungsten-3. 5%Nickel- 1 .S%Copper alloy (ROSM WH9570C), 

Tungsten-3S%Nickel-1 .5%Iron alloy (CMW 3950). Of these ROSM WH9570C is 

ranked as the best. Thermal conductivity for this material is 128 - 142 W/mK (CES, 

2000). Thermal expansion for this material is also low, 4 - 4.9 pm/K (CES, 2000). It is 

one of the cheapest materials considered and can be machined. 

3.4.2 Molybdenum and molybdenum alloys (H. Cross Co., 

2005) 
H. Cross Co. is the leading specialty metal rolling manufacturer of precision ribbons, 

sheets, foils and strips of molybdenum and molybdenum-base alloys. It also supplies 

wire, rod and a comprehensive line of custom and lamp industry products. 

Molybdenum has a high melting temperature and it is impractical to transform it into 

ingot forms by conventional hrnace melting techniques. Its manufacture by powder 

metallurgy consists of three distinct phases: the decomposition of the ore and its 

reduction to pure metal powder, the pressing of this powder into bars and the sintering of 

these bars into solid ingots and the swaging, rolling or drawing of these ingots into 

desired forms and sizes. Some products are fabricated from arc-cast ingots. Prefabricated 

or continuously compacted and sintered electrodes made from metal powder are arc- 

melted in a water-cooled copper mould. The process is usually carried out in a vacuum, 

although in some instances inert-atmosphere melting is employed. 

After drawing or rolling operations have been completed, the material may be cleaned by 

exposure to elevated temperatures in a reducing atmosphere. Treating the surface 

chemically or electrolytically could also clean molybdenum. The material may be hrther 

reduced after processing by electrolytic etching. 

3.4.2.1 TZM Alloys (titanium, zirconium, molybdenum) 

Molybdenum's prime alloy is TZM. This alloy contains 99% Mo, 0.5% Ti and 0.08% Zr. 

TZM offers twice the strength of pure molybdenum at temperatures over 1300°C, see 
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Figure 3.1 1 for the ultimate tensile strength temperature dependence. The 

recrystallization temperature of TZM is approximately 250°C higher than molybdenum 

and it offers better weldability than pure molybdenum. The working temperature for 

TZM is above 600°C (Zinkle & Ghoniem), see Figure 3.12. TZM's finer grain structure 

and the formation of T i c  and ZrC in the grain boundaries inhibit grain growth and the 

related failure ofthe base metal as a result of fracturing along grain boundaries. This 

characteristic also gives it better properties for welding. According to Lienhard & 

Napolitano (1 N8), there is a drop in thermal conductivity form 120 to I00 W/mK if 

TZM is heated from 2 1 to 1 090°C. 

TZM generally costs around 25% more than pure molybdenum but in high heat and 

strength applications it can be well worth the cost differential. 

0 200 400 600 800 1000 1200 1400 1600 

Temperature ('C) 

Figure 3.1 1 Comparison of the ultimate tensile strength of recrystallized refractory alloys, 

(Zinkle & Ghoniem). 

TZM is generally available in sheet and foil in the same size ranges as pure molybdenum 

with the exception of very thin foil. 
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o 1400

Figure 3.12 Operating temperaturewindows (based on radiationdamageand thermal creep

considerations)for refractoryalloys. The light shaded bandson either side of the dark bands

representthe uncertainties in the minimumand maximumtemperature limit, (Zinkie &

Ghoniem).

3.5 DECISION MATRIX

A decision matrix is used to identify the material that is the best choice for the

application. In these methods, all the properties that are required to make a material

suitable for the application are given a value of importance to get the 'right combination

of properties.

3.5.1 Method used (Ashby, 1997)
In this stage of the material selectionprocess only the candidatematerials in Table 3.3

and Table3.4 are considered. The decision matrix methodthat is used to select the best

suited materialis called the WeightedProperty Index Method (WPIM).

3.5.2 Weighted Property Index Method (Ashby, 1997)
The WPIMis a method that ranks the materials in an order from the materialwith the

most suitablecollection of propertiesto the least suitable material. It is done by

assigninga weight factor to each property. These weight factors are indicationsof the

importanceof a specific property. A drawbackof this method is that it has to combine
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different units. Properties are therefore normalized with the use of a scaling factor. The 

scaled value of a property, P, is given by: 

Numerical value of property 
'= Largest valve in the list 

(1 00) 

if the maximum of the property is required. In the case where the minimum value is the 

best for the application the scaled value of a property, P, is given by: 

Lowest value in the list 

'= Numericai value of property 
(1 00) 

Table 3.5 is a list of the important properties of all the candidate materials. 
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Table 3.5 Important properties of the candidate materials. 

Materials 

Molybdenum Alloy 362 (Mo-O.STi alloy) 

Molybdenum Alloy 363 (TZM Alloy) 

Molybdenum Alloy 366 (Mo-30W alloy) 

Molybdenum Titanium Alloy 

Molybdenum Tungsten Alloy 

Molybdenum, Commercial Purity 

Tungsten - ASTM Class I (90%W) 

Tungsten - ASTM Class 4 (97%W) 

Tungsten-IO%Copper alloy, "Elkonite 50W3" 

Thermitech 75 

ELKONITEB I W3 

ELKONITEB 3W3 

ELKONITEB 3W53 

ELKONITEB SW3 

ELKONITEB 2050C 

Thermal Hardness 
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Table 3.6 is a list of the properties of importance for the recuperator. It also shows how 

the weight factor of each property is determined. 

Table 3.6 Weipht factors for the properties of the recuperator 

Hardness 1 0 1  I I I 1 0 1  1 1  1 2  10.10 

Density 0 0 0 0 I 0  I 0 0 5  

As seen in Table 3.6 each property is compared to one another to see which of the two is 

the most important. The most important property is credited with 1, and the other with 0. 

In the end a total is determined for each property, which is then divided by the decision 

number to calculate the weight factor. 

In order to maximize the heat that is transferred from the hot fluid to the cold fluid, the 

material has to have a very high thermal conductivity. This is therefore the most 

important property. To withstand the difference in pressure between the primary and 

secondary sides, the material has to have a high strength. The elastic limit of the material 

is therefore considered the second most important property for a material to be used in 

the recuperator. 

The cost of the material is like always an important property. As specific heat determines 

the time for the material to reach steady state, this is also very important. Because the 

performance of the recuperator is more important than the price of the material, specific 

heat is more important than price. 

Hardness is important because it will determine whether the material can be machined or 

not. 
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As the difference between the two sides is relatively small, and thermal differences only 

occur at start-up, the thermal expansion is not as important as the other properties. 

The recuperator will be installed and left in one place. Because of this, the weight alone 

is not that important. The specific heat of the material already makes provision for the 

recuperator to reach steady-state as soon as possible. 

Table 3.7 gives all the weighted properties of the candidate materials. As seen in Table 

3.7 the properties for the materials have a minimum and maximum value. For the WPIM 

only the maximum index where considered, as only one value was available for the 

ELKONITEB alloys. 
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Table 3.8 provides all of the candidate materials in the order from highest total weighted 

properties to the lowest. 

Table 3.8 Sorted candidate materials selected 

s 
I Materials 

3.6 FINAL MATERIAL SELECTION 

With the use of the WPIM the candidate materials were ranked according to the 

importance of the properties required. The material that was found to be the best solution 

is ElkoniteB 2050C. 

32wt% W- 68wt% Cu, ELKONITEB 2050C, is manufactured by the infiltration of a 

porous tungsten structure method. The composition of this alloy is 50 volume% tungsten 

and the balance is made up with the copper. This means that the tungsten structure gives 

the necessary high temperature strength, while the copper provides the high thermal 

conductivity. 

Properties at room temperature, 25"C, for this alloy are as follows (CMW Catalog series 

1200,2004) 
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P Hardness 70 Rockwell B 

P Density - 12.02 g/cm3 

P Thermal conductivity 275 WImK 

P Thermal expansion 12.2 m ~ 1 0 ~ 1 " ~  

P Ultimate tensile strength - 965 MPa (140,000 psi) 

Another characteristic of W-32wt% Cu that makes it a good choice is the fact that at the 

inlet temperature of the recuperator, 95.3"C, the thermal conductivity is about 300 WImK 

as seen in Figure 3.8. The thermal conductivity is increasing for the whole working 

temperature of the recuperator. At the outlet, the temperature is 527.7"C and the thermal 

conductivity is more than 380WlmK. This value is very close to that of high conductivity 

copper at this temperature, but the material still has the necessary strength properties. 
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Chapter 4 

RECUPERATOR DESIGN 

The aim of this chapter is to give detail on the design of the recuperator. The chosen 

construction for the recuperator is that of a mini-channel heat exchanger. As a mini- 

channel heat exchanger can be seen as a plate-fin heat exchanger with very small 

channels, most of the theory will relate to that of a plate-fin recuperator. This major 

assumption has to be made in order to design a compact recuperator, according to Smith 

(1 997). 

The material selected for the recuperator is a Tungsten-copper alloy. The composition of 

this material is W-32wt% Cu. For more detail on the material selection process, see 

Chapter 3. 

Commonly used methods used to design recuperators are the Log Mean Temperature 

Difference (LMTD) method and the Effectiveness-NTU (E-NTU) method. The E-NTU 

method will be discussed in more detail as it is the method that was used for this study. 

4.1.1 Requirements for the chosen recuperator 

According to the problem statement, the currently employed shell-and-tube recuperator 

of the PBMM must be replaced by a more effective recuperator. The requirements for 

this new recuperator are as follow: 

P Must have an effectiveness of more than 90%. 

P The AP must be very small, less than 5% of the inlet pressure at the specific 

side. 

P Be as compact as possible. 

P Must be able to handle the high temperatures of the cycle. 

h Must not fail under the pressures in the recuperator, mechanical strength. 
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P Must not fail due to thermal shocks. 

9 Must not fail due to corrosion by the working fluid, nitrogen. 

The desired effectiveness is selected as 95% and the AP as 3%. 

Parameters used were as in the conceptual design of the PBMM (Hasse, 2002). Table 4.1 

is a summary of the most important parameters. 

Table 4.1 Operating parameters of the PBMM (Hasse. 2002) 

Low Pressure side 

4.2 DESIGN OF THE RECUPERATOR FOR STEADY- 
STATE 

Mass flow rate 
Inlet Pressure 
Inlet temperature 

High Pressure side 
Mass flow rate 1 1.086 kg/s 

As discussed it was decided to use a mini-channel construction for the recuperator for the 

PBMM as this construction is ideal for gases, as working fluids, and have very high 

efficiencies. 

1.148 kgls 
257.7 kPa 
527.7 "C 

Inlet Pressure 

The first step in the design process of the recuperator is to select the surface geometry for 

the heat transfer surfaces. The flow configuration chosen is a counterflow configuration. 

805 kPa 

As stated previously in this chapter, a mini-channel heat exchanger can be seen as a plate- 

fin recuperator. It can be described as alternate layers of extended surfaces separated by 

flat plates (Smith, 1997). A complete block is usually of brazed construction, although 

diffusion bonding can be used if the material is suitable. 

For the counterflow design the first step is to determining the heat exchange duty of one 

slice. The complete exchanger is then made up of an appropriate number of these slices, 

as seen in Figures 4.1 a and 4.1 b. 
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According to Smith (1 997) flow friction and heat transfer correlations must be based on 

the cell geometries for full-height surfaces. A full-height surface is defined as the space 

between the two plates which separates the one fluid from the other. To determine the 

correct pressure loss, the loss for an individual flow channel must be determined. 

Figure 4.1 a Counterflow plate-fin recuperator, modified from Smith (1 997) 

Figure 4.1 b Design geometry for a counterflow plate-fin recuperator, modified from Smith 

( 1  997) 
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4.2.1 Rating of the recuperator 

In a typical case the outlet temperature of the working fluid and the rate of heat transfer 

have to be determined for a recuperator. The effectiveness, E, of a recuperator is given 

with q = the actual heat transfer and q,,,, = the maximum possible heat transfer. 

To determine q,,, the assumption is made that the recuperator has an infinite length, 

L+m. The maximum possible heat transfer rate is the ideal rate that could be attained if 

one of the working fluids were to experience a maximum temperature difference in the 

recuperator (Kays & London, 1984). 

4max = Cmin ' L a x  
where ATm,, = Th,i - T,i 

Th,i = Inlet temperature of hot working fluid 

T,,i = Inlet temperature of cold working fluid 

Cmin = C, if Cc<Ch 

with Cc = mc Cpc en Ch=mh Cph 

The ratio ofthe hot fluid capacity rate to the cold fluid capacity rate, 

has a significant influence on the recuperator effectiveness. 

The NTU (number of transfer units) indicates the relative heat transfer surface area. 

Mathematically, NTU is defined as: 

UA 
NTU = - 

f' 
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Kays & London (1 984) have presented equations for NTU in terms of effectiveness and 

C, see Table 4.2. 

To determine the outlet temperature for either the cold or the hot working fluid the 

following equation is used (Kays & London, 1984): 

where the meaning of the subscripts are as follow: 

e = Exit 

h = Hot 

c = Cold 

i = lnlet 

and m = Flow rate 
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Table 4.2 Recuperator Effectiveness Relations (Kavs & London, 1984). 

Counterflow: 

Parallel flow: 

Cross-flow 
(Both fluids unmixed): 

Cross-flow 

(Cmln=mixed , Cma,=unmixed) 

with 

Cross-flow 

(C,,,=mixed , C,i,=unmixed) 

with 

Cross-flow 

(Both fluids mixed): NTU 

NTU NTU 

Another very important, but often the most uncertain part of any recuperator analysis, is 

the determination of the overall heat transfer coefficient (UA). During normal operation, 

surfaces are often subject to fouling by fluid impurities, rust formation and other 

reactions between the fluid and the wall material. The subsequent deposition of a film or 

scale can greatly increase the resistance to heat transfer between the fluids. 
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The value of UA is calculated as follows (Incropera & De Witt, 2002): 

with subscripts c and h referring to the cold and hot sides of the recuperator. All the 

areas are heat transfer areas. 

The quantity q, is termed the overall surface efficiency of a finned surface. It is defined 

such that, for the hot or cold surface without fouling, the heat transfer rate is: 

4 = o , h 4  (T* - T,) (4.17) 

Where Tb is the base temperature, and 

T, is the temperature of the surrounding fluid. 

Ff is termed the fouling factor. Its value depends on the operating temperature, fluid 

velocity and length of service of the recuperator. For more on different types of fouling 

refer to Gupta (1 986) and Somerscales (1997). But as clean and pure nitrogen is used for 

the cycle, negligible fouling is expected. 

Heat transfer coefficients are calculated by using the Nusselt numbers, Nu. For laminar 

flow in square channels Nu is 2.98. By using the following equation for both the hot and 

cold sides, the heat transfer coefficients can be calculated: 

4.2.2 Geometry of the recuperator 

It is the task of the designer to choose the dimensions to fit the need of the design. Figure 

4.2a gives the basic geometric properties, while Figure 4.2b shows the geometry of a 

single cell which will be used in the design. The dimensions of the channels for the 

recuperator where chosen to be as follows: 
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P a  = 0.001 m 

> b =  0.001 m 

3 t,, = 0.001 m 

3 tf = 0.0004 m 

Some of the areas that have to be calculated in order to design this recuperator are as 

follows for the chosen configuration and dimensions: 

Fin area: 

A, = n, n, 2bL (4.19) 

Total heat transfer area: 

A, = n, n, 2(a + b ) ~  

Free-flow area: 

Aff = n, n,,ab 

It is also necessary to know the number of cells for the width and height of the 

recuperator. This is given by: 

Number of cells high: 

Number of cells wide: 
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I a I t -  

Figure 4.2a Basic geometry 

For this geometry the hydraulic diameter is: 

4A ab 
D, = = 2- 

perimeter a + b 

Figure 4.2b Enlargement of a single channel. 

4.2.3 Fin performance 

The assumption is made, that the mini-channel recuperator is made up of layers of flat- 

plates with extended surfaces. For this reason fin performance is very important. 

Another way of defining q, is: 
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where Af is the entire fin surface area and qf is the effectiveness of a single fin. 

qf can be calculate as follow: 

with 

where P=Perimeter of the fin 

A,=Cross section area 

4.2.4 Pressure drop 

Pressure drop is energy that is lost. Pressure drop is a very important constraint for any 

recuperator design. As stated earlier, the desired AP is 3%. It is notable that the hot fluid 

side has a much higher AP% than the cold fluid side. Therefore if the hot side is within 

the prescribed limit, so will be the cold side. AP is calculated by the following equation: 

1 . 1 .  

with I K  = 1.5 ( 0.5 for the inlet and 1 for the outlet for both the cold and hot sides). 

4.3 DESIGN EVALUATION 

For the evaluation of performance, the performance of the currently employed shell-and- 

tube recuperator was compared with that of the new compact recuperator. The influence 

of the new recuperator on the system was also investigated. As mentioned in Chapter 2, 

the paper by Gezelius (2004) is a good guideline for the evaluation of compact heat 

exchanger performance. 
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The design was evaluated with the use of a simulation of the heat exchanger. Design 

results were then compared with this simulation to determine the accuracy of the results. 

EES was used to do all calculations for the design of the new recuperator, while Flownex 

was used to validate the results that were generated by EES. 

4.3.1 Design results 

The design of the recuperator was done with the help of EES. For the complete EES- 

code that was used to design the recuperator see Appendix B-1. 

According to Kays & London (1984), the variation in fluid properties in the flow 

direction of the heat exchanger is of more importance than the variation over the cross 

section of the flow channels. If the absolute temperature variation, from one end ofthe 

flow tube to the other, is less than 2: 1 it is adequate to determine the fluid properties with 

the mean temperature (Tm). For greater temperature variations in the flow direction, it is 

probably better to consider the heat exchanger in separate sections, in each of which the 

temperature variation is not excessive. It was found that 20 increments were adequate as 

the difference in the results was less than 0.5% for more increments. 

Appendix B-2 gives the results that were generated with the help of the EES-code. Table 

4.3 is a summary of this and gives only the most important results of the EES-code. 

The design requirements for the recuperator, as discussed previously in this chapter, were 

satisfied. Effectiveness for the recuperator is 95%, with a maximum percentage pressure 

drop on the hot side of 2.9%, while the cold side has a percentage pressure drop of 

0.26%. The volume of the whole recuperator is only 0.3 1 08m3, with a footprint area of 

less than 0.4mZ and with a surface-area density of 714.3mZ/m3 this recuperator is 

classified as a compact heat exchanger (Incropera & De Witt, 2002). 
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Table 4.3 Results for EES-code 

Width 1 0.518 m 
Number of channels wide 1 370 

I Mass 1 2404 kg I 

4.3.2 Flownex model and results 

Volume 
Free-flow area 
Alpha (Surface-area density) 

Flownex was used to verify the results generated by EES. A model was used to simulate 

03108 m3 
0.074 m' 
7143 m2/m3 

a compact heat exchanger. Figure 4.3 is an illustration of this model 

Figure 4.3 Illustration of the Flownex model. 

Table 4.4 gives all the input values for the Flownex model. For the results of this 

simulation see Appendix B-3. Table 4.5 is a summary of the most important results of 

the Flownex simulation. 

The effectiveness of the recuperator according to the Flownex simulation is 94.8%. As 

seen in Table 4.5 the outlet pressure at the primary and secondary sides are 250.44 kPa 
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and 802.98 kPa respectively. The temperatures are 141.8 O C  and 505.4 O C  respectively. 

This means that there is a maximum pressure drop of 2.8% at the primary side while for 

the secondary side the pressure drop is only 0.25%. 

is required for the Flownex model, the same values 

were used as an input for the Flownex model. 

As geometry for the Flownex model 

that were calculated by the EES-code 

Table 4.4 Flownex i n ~ u t  values 
I 

Outlet area 1 0.074 m' 
Laminar friction factor multiplier ) 1 

Outlet area 1 0.074 m3 
Laminar friction factor multiplier ( I 

Roughness 
Laminar Nussult number 
Temperature at node I 
Pressure at node 1 
Flow rate at node 2 
Secondary side 
Inlet hydraulic diameter 
Outlet hydraulic diameter 
Inlet area 

50 pm 
2.98 
527.7 "c 
257.7 kPa 
1.148 kgls 

0001 m 
0001 m 
0 074 m3 
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Laminar Nussult number 
Temperature at node 3 
Pressure at node 3 
Flow rate at node 4 

50 pm 
2 98 
95.3 "C 
805 kPa 
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Table 4.5 Results for Flownex simulation 

Properties I 

4.3.3 Comparison of the results 

To compare the two sets of results, only the pressures and temperatures at the nodes on 

the different sides were considered. The percentage error between the two sets of results 

was calculated. Table 4.6, Figure 4.4 and Figure 4.5 are summaries of the results 

generated by the two methods and the percentage difference between them. 

It was found that the maximum difference between the two sets of results is 0.76%. This 

is very small and thus it is clear that the two models match very closely. The difference 

in the effectiveness is calculated as 0.33%. 

The results of the EES model can be taken as accurate, because it was verified with the 

Flownex model with an error of less than 1 %. 
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Table 4.6 Comparison of the EES and Flownex data 

Temperature difference (K) 

G 5 10 15 20 

Node 

- - . . - - - 

-t Hot s~de d~fference 

-t- Cold s~de difference 
-. 

Figure 4.4 Temperature difference between EES and Flownex models. 
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Pressure difference (kPa) 

-----r----Cold side difference 

Node 

Figure 4.5 Pressure difference between EES and Flownex models. 

4.4 DESIGNED RECUPERATOR 

An outcome of this study is to design a more effective recuperator to replace the currently 

employed shell-and-tube recuperator of the PBMM. The material chosen for this 

recuperator is a Tungsten-copper alloy with 68 wt% W and 32 wt% Cu. It was decided to 

use a mini-channel heat exchanger with a counterflow configuration. This heat 

exchanger is made up oftwo types of plates that are stacked alternatively. The heat 

exchanger is then either diffusion bonded or brazed to join these plates. 

The final geometry is as follows: 

P Total length 

P Total width 

P ' I'otal height 

P Number of channels wide 

P Number of channels high 

P Plate thickness 

P Fin thickness 

P Channel height 

P Channel width 

For the performance of the chosen recuperator see Table 4.7. 
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Table 4.7 Recuperator performance 
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Chapter 5 

EVALUATION AND PERFORMANCE OF THE 

PROPOSED RECUPERATOR 

5.1 PERFORMANCE EVALUATION 

To evaluate the performance of the new recuperator it was compared with the currently 

employed shell-and-tube recuperator. The new recuperator is modified to have the same 

effectivity as the current shell-and-tube recuperator. The data of these two situations are 

then compared. 

5.1.1 Shell-and-tube recuperator 
Data of the currently employed recuperator for the PBMM is taken from the ~lownex@ 

simulation, M400-modified. Table 5.1 is a summary of its dimensions and properties. 

The performance properties are for the design specification. An advantage of this 

recuperator is its very low pressure drop for both the shell and the tube sides. In both 

cases it is lower than 0.5%. The total heat transferred is 440.72 kW with effectiveness of 

87.7%. 

5.1.2 Evaluation 

With the help of EES the dimensions of the newly designed recuperator were changed, to 

design a recuperator with an effectiveness of 87%. This was done to make a direct 

comparison of the two recuperator types. Then a comparison was made between the new 

compact and the currently employed shell-and-tube recuperator. All the constant 

properties are eliminated from Tables 5.1-5.3 as it is the same for all three the 

recuperators. See Table 5.2 for the comparison between the 87% compact and shell-and- 

tube recuperators, and Table 5.3 for the comparison between the 95% compact and shell- 

and-tube recuperators. 
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Table 5.1 Shell-and-tube recuperator data 

Flowrate for hot side 

256.547 
0.447 
527 7 

151 81 

Length 
Width (Shell diameter) 
Mass 

Table 5.2 Com~arison between the 87% compact and shell-and-tube recuperators 

6 rn 
0.7 rn 

2391 ke - - 

Footprint area 
Volume 
Alpha (Surface-area density) 
Heat transferred 
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Table 5.3 Comparison between the 95% compact and shell-and-tube recuperators 

Pressure drop 

The pressure drop in both cases is much lower for the shell-and-tube recuperator than for 

the compact recuperators. In both cases, the compact recuperator hot side pressure drop 

is more than five times that of the shell-and-tube recuperator. For the cold side the 

compact recuperator has a pressure drop of 30% more than the shell-and-tube 

recuperator. 

According to the design specification the recuperator must have a pressure drop of less 

than 5%. As the pressure drop for the 95% compact recuperator is only 2.996, it is 

acceptable for the pressure drop to be higher than that of the shell-and-tube recuperator. 

5.1.2.2 Outlet temperature 

Outlet temperature is directly dependent on the effectivity of the recuperator. As the 

effectivity is nearly the same for the 87% compact and shell-and-tube recuperators, so are 

the outlet temperatures for both sides. In the case of the 95% compact and shell-and-tube 

recuperators, the outlet temperature for the 95% compact recuperator is about 8.5% 

higher. 

5.1.2.3 Dimensions 

As mentioned in Chapter 2, this is the category where the compact heat exchangers 

outperform the shell-and-tube heat exchangers. 
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In the case of the 87% compact and shell-and-tube recuperators, the 87% compact 

recuperator is much smaller. Its footprint area is only 5%, while the volume is only 6% of 

the shell-and-tube recuperator's volume. 

The 95% compact recuperator's volume is nearly double that of the 87% compact 

recuperator. But in the case of the 95% compact and shell-and-tube recuperators, the 95% 

compact recuperator is much smaller. Its footprint area is only lo%, while the volume is 

only 13.5% that of the shell-and-tube recuperator. 

Although the volume of the compact recuperators is less than that of the shell-and-tube 

recuperator, the weight of the 95% compact recuperator is 0.544% more than that of the 

shell-and-tube recuperator. This is because of the construction of a compact heat 

exchanger and because of the difference in the densities of the materials used. The 

density of the tungsten copper alloy is almost twice that of stainless steel AISI 304, which 

was used to build the shell-and-tube recuperator. 

5.1.2.4 Heat transferred 

As the primary hnction of a recuperator is to transfer heat, the effectiveness is measured 

by the amount of heat transferred from one fluid to the other. 

The heat transferred for the 95% compact recuperator is 8.8% more than that of the shell- 

and-tube recuperator. 

5.1.2.5 Response time 

Another factor that is important in a recuperator is the response time, thus the time to 

steady state. To evaluate this, a Flownex simulation was done with a transient step that 

takes the recuperator from 25°C to the working temperatures. The time to steady state is 

then determined by taking the time where the outlet temperatures don't change anymore. 

This point is defined as that point where the temperature changes less that O.OOl°C per 

time step. 
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For the 95% compact recuperator the response time is 1852 seconds, while it is 7494

seconds for the shell-and-tube recuperator. This means that the 95% compact recuperator

reaches steady state in 24.7% of the time that the shell-and-tube recuperator does. See

Figure 5.1 for a plot of the outlet temperatures with respect to time.

Time to Steady State

600

200

- Coldside inlet
- SheJl.and-llbeColdoutlet
-Hot side inlet
- Shel~and-IlbeHotolttat

-Co~ac:t Hotolttat
-Co~ac:t Coldoutlet

500

400

!
iI
; 300...
E
{!!

100

o
o 1000 2000 3000 4000 5000

Tlme(s)

6000 7000 8000

Figure 5.1 Temperatures vs. Time.

5.2 INFLUENCE ON THE PBMM CYCLE EFFICIENCY

The evaluation of the influence of the new recuperator on the PBMM is done by

determining the influence of an increase in effectivity of the recuperator on the system

effectivity. First an EES-code was generated, as explained by Rousseau & Greyvenstein

(2002). This is used to see what will happen if the effectiveness of the recuperator is

changed.

To determine the influence of the effectiveness of the recuperator on the PBMMcycle,

the effectiveness of the recuperator is changed between 85 and 95%. It was decided on

these values because the current recuperator has an effectiveness of 87% and the new

Schoolof~echanicalEngineering,NWU 68

- - ---



Chapter 5 Evaluation and performance of the Recuperator North-West University 

recuperator an effectiveness of 95%. Figure 5.2 illustrates how the cycle efficiency 

varies as the recuperator effectiveness is changed. 

Figure 5.2 The impact of effectiveness of the recuperator on the PBMM cycle. 

For the change from 87% to 95% for the recuperator effectivity there is a change of 

3.19% in the cycle efficiency. This is an increase on the previous value of 18.67%. 

To confirm this, the 95% compact recuperator is made part of the PBMM cycle 

simulation, M400-modified. This will take into account the thermo-hydraulic changes in 

the cycle. The cycle efficiency is determined before and after the compact recuperator is 

inserted. Before the compact recuperator was inserted the cycle efficiency was 19.4%. 

With the new compact recuperator the new cycle efficiency is 2 1.4%. This is an increase 

of 2%. 
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Chapter 6 

This study included a material selection and optimization of a heat exchanger. For this 

material selection properties of materials at high temperature were taken in to account. 

The PBMM was used as constraining parameters for the material selection and design. 

The material selected to be used in the high temperature recuperator, operating at 

temperatures between 90 and 530°C, was a tungsten-copper alloy with 68 wt% tungsten 

and 32 wt% copper. The main reason for selecting this material is because of its thermal 

conductivity at 530°C being nearly 390W/mK, which is nearly that of copper at room 

temperature. 

It was found that a counterflow mini-channel (plate-fin) recuperator was the best 

construction to be used. For this mini-channel recuperator there are 370 channels in the 

width and 200 layers of cold and hot plates. The dimensions of each channel are Ixlmm. 

The proposed recuperator was compared to the shell-and-tube recuperator currently 

employed in the PBMM cycle. It was found that it only occupies 10% of the foot print 

area and 13% of the volume of the shell-and-tube recuperator. Its effectiveness is 95%, 

which results in an increase 2% in the cycle effectiveness. The response time for the 

95% compact recuperator is about 25% that of the shell-and-tube recuperator. 

6.2 RECOMMENDATIONS FOR FURTHER STUDIES 

For further studies there could be looked at a Marbond or printed circuit heat exchanger. 

The option of recuperators in an annular configuration with the turbines could also be 

investigated. 
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A method that may cause a decrease in the cost of the recuperator is the use of a bi-metal 

recuperator. The two materials which can be used are copper and WCu for the higher 

temperature regime. 

The use of metallic foam as a fin material is another possibility which may increase the 

effectiveness of a recuperator as mentioned in the literature study. 

Further investigation into silicon carbide as heat exchanger material is necessary. This 

material has very good properties as recuperator material, but was not selected due to the 

fact that the value of thermal conductivity is not clear. It also isn't clear whether silicon 

carbide is thermal shock resistant or not. 

The possibility and effectiveness of coating, like diamond coatings, could be investigated. 
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Appendix A will be giving more detail on Tungsten Copper Alloys. 
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HEAT EXCHANGER DESIGN 

Appendix B will be giving more detail on the design of the mini-channel heat exchanger. 
The results of EES and Flownex will be compared to verify the results. 
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EES SIMULATION 

"Funksies" 
"NTU" 
Function NTU(C-r,epsilon) 

If (C-r<l) then 
NTU=(II(C-r-l)*ln((epsilon-l)/(epsilon*C-r-I))) 
else 

if (C-r=l) then 
NTU=epsilon/(l -epsilon) 
else 

if (C-r=O) then 
NTU=-LN(1-epsilon) 
endif 
endif 
endif 
end 

"Nu-verhit" 
Function Nu-verhit(Re, Pr) 

If (Re<2000) then 
Nu-verhit=2.98 
else 

if (2000<=Re) and (Re<=10000) then 
Re-1 =2000 
Re2=10000 
Nu-1 =2.98 
Nu-2=0.023*1 0e4"0.8*PrA0.4 
DELTAx=logl O(Re-2)-log1 O(Re-I) 
DELTAy4og 10(Nu-2)-log1 O(Nu-1) 
rn=DELTAy/DELTAx 
c=logl O(Nu-1 )-m*logl O(Re-1) 
Nu-verhit=l OA(m*logl O(Re)+c) 
else 

if (1 0000<=Re) then 
Nu~verhit=0.023*ReA0.8*PrA0.4 
endif 
endif 
endif 
end 

"Nu-verkoel" 
Function Nu-verkoel(Re, Pr) 

If (Re<2000) then 
Nu-verkoel=2.98 
else 

if (2000<=Re) and (Re<=10000) then 
Re-1 =2000 
Re-2=10000 
Nu-1 =2.98 
Nu-2=0.023*1 0e4"0.8*PrA0.3 
DELTAx=logI O(Re-2)-log1 O(Re-I) 
DELTAy=logI O(N~2)- logI  O(NU-1) 
rn=DELTAy/DELTAx 
c=logl O(Nu-l )-m*logl O(Re-I) 
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Nu-verkoekl OA(m*logl O(Re)+c) 

if (1 0000<=Re) then 

endif 
endif 
endif 
end 

"Thermal conductivity of WCu" 
Function k(T) 

K=224.21500 1 + I.l3349536*T - 0.00499440337*TA2 + 0.00001 45760248*TA3 - 
2.38575590E-08*TA4 + 1.95516530E-I 1 *TA5 - 6.28842581 E-1 5*TA6 
end 

"Algemeen" 
"Konstantes" 

R-fh=O 
R-fc=O 
j=19 

"geometrie" 
t-f=O.O004 
t-w=O. 00 1 
a=O.001 
b=0.001 
L-totaal=l 

L=L-totaaV(j+I) 
n-h=220 
n-w=440 
n_h=H/(2 *(b+t-w)) 
n-w=(W/(a+t-f)) 

"Area's" 

"Hidroliese diameter" 
D-h=2*((a*b)/(a+b)) 

'Given" 
T-hi[0]=527.7 
P-hi[0]=257.7e3 
m-dot-h=1.148 
T-ce[j]=95.3 
P_ceU]=805e3 
m-dot-c=1.086 

Volume" 
Vol=L-totaal*H*W 
alpha=(A-h-tot)/Vol 
A-h-tot=A-h*(j+l) 
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"For flownex" 
Mass=rho-rn*(H*W-A-ff)*L-totaal 
rho-rn= 14 180 

"Aannames" 
T-bar=(T-hi[O]+T-ce[j])/2 

"Calculations" 
C-rnin[O]=MIN(C-h[O], C-c[O]) 
C-rnax[O]=Max(C-h[O], C-c[O]) 

duplicate i=l ,j-I 
C-min[i]=MI N(C-h[i],C-c[i]) 
C-rnax[i]=Max(C-h[i], C-c[i]) 

end 
C-minn]=M I N(C-h[O] , C-c[O]) 
C-maxli]=Max(C-h[O],C-c[O]) 

"Hot side1' 
"Properties" 

CP-h[O]=CP(Nitrogen,T=T-bar-h[O],P=P-bar-h[O]) 
k-h[O]=CONDUCTlVlTY(N2,T=T-bar-h[O]) 
Pr-h[O]=PRANDTL(NZ,T=T-bar-h[O]) 
rho-h[O]=DENSITY(Nitrogen,T=T_bar-h[O],P=P-bar-h[O]) 
mu-h[O]=VISCOSITY(Nitrogen,T=T_bar-h[O],P=P-bar-h[O]) 

"Calculations" 
C-h[O]=m-dot-h*CP-h[O] 

"Fin effektiwiteit" 
eta-oh[O]=l -(A-f1A-h) *(I -eta-fh [O]) 
eta-fh[O]=(tan h(m-h[O]*(b/2)))/(rn-h[O]*(b/Z)) 
m-h[0]=(2*(h-h[O]/k[O])*((b+t-f)/((b/2)*t-f)))A0. 5 

"Hitte-oordrags koeffisiente" 
Nu-h[O]=(h-h[O]*D-h)/k-h[O] 
Nu-h[O]=Nu-verkoel(Re-h[O], Pr-h[O]) 

"Drukval vergelykings" 
V-h[O]=rn-dot-h/( rho-h [O]*A-ff) 
Re~h[O]=abs((rho~h[O]V~h[0]*D~h)/mu~h[O]) 
f-h[0]=57/Re-h[0] 
DELTAP~h[O]=(((f~h[O]*L)/D~h+O.5)*((abs(m~dot~h)*m~dot~h)/(2*rho~h[O]*A~ffY))) 
sigrnaK=O 
P-he[O]=P-hi[O]-DELTAP-h[O] 
P-bar-h[O]=(P-hi[O]+P-he[0])/2 
DELTAP-h-t[O]=DELTAP-h[O] 
epsilon-ph=(DELTAP-h-t(j]/P-hi[O])*l00 

"Globale hitte-oordragskoeffisient" 
1/UA-h[O]=l /(eta-oh[O]*h-h[O]*A-h) 

L[O]=L 
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duplicate i=l ,j-I 
"Properties" 

CP-h[i]=CP(Nitrogen,T=T-bar-h[i],P=P-bar-h[i]) 
k-h[i]=CONDUCTIVITY(N2,T=T-bar-h[i]) 
Pr-h[i]=PRANDTL(NZ, T=T-bar-h[i]) 
rho-h[i]=DENSITY(Nitrogen,T=T_bar-h[i],P=P-bar-h[i]) 
mu-h[i]=VISCOSITY(Nitrogen,T=T-bar-h[i],P=P-bar-h[i]) 

"Calculations" 
C-h[i]=m-dot-h*CP-h[i] 

"Fin effektiwiteit" 
eta-oh[i]=l -(A-fIA-h)*(l -eta-fh[i]) 
eta-fh[i]=(tanh(m-h[i]*(b/2)))/(m_h[i]*(b/2)) 
m-h[i]=(2*(h-h[i]/k[i])*((b+t-f)/((b/2)Y-f)))AO.5 

"Hitte-oordrags koeffisiente" 
Nu-h[i]=(h-h[i]*D-h)/k-h[i] 
Nu-h[i]=Nu-verkoel(Re-h[i], Pr-h[i]) 

"Drukval vergelykings" 
P-hi[i]=P-he[i-I] 

V-h[i]=m-dot-hl(rho-h[i]*A-ff) 
Re-h[i]=abs((rho-h[i]*V-h[i]*D-h)/mu-h[i]) 
f-h[i]=57/Re_h[i] 
DELTAP-h[i]=(((f-h[i]*L)/D-h)*((abs(m-dot-h)*m-dot-h)l(2*rho-h[i]*A-ffA2))) 
P-he[i]=P-hi[i]-DELTAP-h[i] 
P_bar_h[i]=(P_hi[i]+P_he[i])l2 
DELTAP-h-t[i]=DELTAP-h-t[i-l]+DELTAP-h[i] 

"Globale hitte-oordragskoeffisient" 
1 /UA-h[i]=l/(eta-oh[i]*h-h[i]*A-h) 

L[i]=L[i-l]+L 
end 

"Properties" 
CP-h[j]=CP(Nitrogen,T=T-bar-h[j], P=P-bar-hu]) 
k-h[j]=CONDUCTIVITY(N2,T=T-bar-hlj]) 
Pr-h[j]=PRANDTL(N2,T=T_bar_hlj]) 

. . .  rho-h[j]=DENSITY(Nitrogen,T=T-bar-hh],P=P-bar-h[j]) 

mu-hlj]=VISCOSITY(Nitrogen,T=T-bar-hb],P=P-bar-h[j]) 

"Calculations" 
C-hb]=m-dot-h*CP-hh] 

"Fin effektiwiteit" 
eta-oh[i]=l -(A-flA-h)*(l -eta-fh[j]) 
eta-fh[j]=(tanh(m-h[j]*(b/2)))/(rn-hb]*(b/2)) 
m-h~]=(2*(h-h~]/k[j])*((b+t-f)l((b/2)*t-f)))A0.5 

"Hitte-oordrags koeffisiente" 
Nu-hb]=(h-h[j]*D-h)/k-hb] 
Nu-h[j]=Nu-verkoel(Re-hlj],Pr-hlj]) 
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"Drukval vergelykings" 
P-hib]=P-heb-I] 
V-hn]=m-dot-hl(rho-hb]*A-ff) 
Re-h[i]=abs((rh~-h~]*V~h[j]*D-h)/mu~h~]) 

"Globale hitte-oordragskoeffisient" 
I/UA-h[j]=l/(eta-oh[j]*h-hb]*A-h) 

LD]=Lb-1]+L 

"Cold side" 
"Properties" 

CP-c[O]=CP(Nitrogen,T=T-bar-c[O], P=P-bar-c[O]) 
k-c[O]=CONDUCTIVITY(N2,T=T-bar-c[O]) 
Pr_c[O]=PFWNDTL(N2,T=T_bar_c[O]) 
rho-c[O]=DENSITY(Nitrogen,T=T_bar_c[0], P=P-bar-c[O]) 
mu~c[O]=VISCOSITY(Nitrogen,T=T~bar~c[O], P=P-bar-c[O]) 

"Calculations" 
C-c[O]=m-dot-c*C P-c[O] 

"Fin effektiwiteit" 
eta-oc[O]= I -(A-f/A-h)*(l -eta-fc[O]) 
eta-fc[O]=(tan h(m-c[O]*(b/2)))/(m_c[O]*(b/2)) 
m~c[O]=(2*(h~c[O]/k[O])*((b+t~f)/((b/2)*t~f)))AO.5 

"Hitte-oordrags koeffisiente" 
Nu-c[O]=(h-c[O]*D-h)/k-c[O] 
Nu~c[O]=Nu~verkoel(Re~c[O], Pr-c[O]) 

"Drukval vergelykings" 
V~c[O]=m~dot~c/(rho~c[O]*A~ff) 
Re~c[O]=abs((rho~c[O]*V~c[O]*D~h)/mu~c[O]) 
f-c[0]=57/Re-c[0] 
DELTAP~c[O]=((jf~c[O]*[L)/D~h+0.5)*((abs(m~dot~c)*m~dot~c)/(2*rho~c[O]*A~ffA2))) 
P-ci[O]=P-ce[O]-DELTAP-c[O] 
P-bar-c[O]=(P-ci[O]+P-ce[O])/2 
DELTAP-c-t[O]= DELTAP-c[O] 
epsilon-pc=(DELTAP-c-t[i]/P-ceo])*l 00 

"Globale hitte-oordragskoeffisient" 
1 /UA-c[O]=I /(eta-oc[O]*h-c[O]*A-h) 

duplicate i= l  ,j-I 
"Properties" 

CP-c[i]=CP(Nitrogen ,T=T-bar-c[i], P=P-bar-c[i]) 
k-c[i]=CONDUCTlVlTY(N2,T=T_bar-c[i]) 
Pr-c[i]=PWN DTL(N2,T=T_bar_c[i]) 
rho-c[i]=DENSITY(Nitrogen,T=T-bar-c[i],P=P-bar-c[i]) 
mu-c[i]=VISCOSITY(Nitrogen,T=T-bar-c[i],P=P-bar-c[i]) 
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"Calculations" 
C-c[i]=rn-dot-h*CP-c[i] 

"Fin effektiwiteit" 
eta-oc[i]=I -(A-f/A-h)*(l -eta-fc[i]) 
eta-fc[i]=(tanh(m-c[i]*(b/2)))/(m_c[i]*(b/2)) 
m-c[i]=(2*(h-c[i]lk[i])*((b+t-f)l((b/2)*t-f)))"0.5 

"Hitte-oordrags koeffisiente" 
Nu-c[i]=(h-c[i]*D-h)/k-c[i] 
Nu-c[i]=Nu-verkoel(Re-c[i], Pr-c[i]) 

"Drukval vergelykings" 
P-ci[i]= P-ce[i- I ] 
V-c[i]=rn-dot-c/(rho-c[i]*A-ff) 
Re-c[i]=abs((rho-c[i]'V-c[i]*D-h)/mu-c[i]) 
f-c[i]=57/Re_c[i] 
DELTAP-c[i]=( ((f-c[i]*L)/D-h) *((a bs(rn-dot-c)*rn-dot-c)/(2*rho-c[i]*A-ff "2))) 
P-ci[i]=P-ce[i]-DELTAP-c[i] 
P-bar-c[i]=(P-ci[i]+P-ce[i])/2 
DELTAP-c-t[i]=DELTAP-c-t[i-I ]+DELTAP-c[i] 

"Globale hitte-oordragskoeffisient" 
1 /UA-c[i]=l /(eta-oc[i]*h-c[i]*A-h) 

end 

"Properties" 
CP-c[j]=CP(N itrogen,T=T-bar-c[j],P=P-bar-cb]) 
k-clj]=CONDUCTIVITY(N2,T=T-bar-cb]) 
Pr-cb]=PRAN DTL(N2,T=T_bar_c[j]) 
rho-c[j]=DENSITY(Nitrogen,T=T-bar-c[j],P=P-bar-c[j]) 
mu-c[j]=VlSCOSITY(Nitrogen,T=T-bar-c[j], P=P-bar-c[j]) 

"Calculations" 
C-c[i]=m-dot-h*CP-c[j] 

"Fin effektiwiteit" 
eta-oc[j]=l -(A-f/AAh)*(l -eta-fc[j]) 
eta-fcn]=(tanh(rn-~[il'(b/2)))l(m_c[i]*(b/2)) 
rn-c~]=(2*(h-c~]/k[j])*((b+t-f)/((b/2)*t-f)))"0.5 

"Hitte-oordrags koeffisiente" 
N~-c~]=(h-c[j]*D-h)/k~cb] 
Nu-cD]=Nu-verkoel(Re-c[j], Pr-cn]) 
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"Globale hitte-oordragskoeffisient" 
I /UA-cb]= I /(eta-ocb]*h-cu]'A-h) 

"Calculations" 
R-w[O]=(t-w)/(k-w[O]tA_h) 
k-w[O]= k[0] 
T-bar-w[O]=(T-wp[O]+T-wc[O])/2 

duplicate i= l  ,j 
"Properties" 

k[i]=k(T-wp[i]) 

"Calculations" 
R-w[i]=(t-w)/(k-w[i]*A-h) 
k-w[i]=k[i] 
T-bar-w[i]=(T-wp[i]+T-wc[i])/2 

end 

"Heat transfer and temperatures" 
Q-p[O]=m-dot-h*Cp-h[O]*DELTAT-h[O] 
Q-pw[O]=UA-h[O]*(T-wp[O]-T-bar-h[0]) 
Q-w[O]=( I 1 R-w[O])*(T-wc[O]-T-wp[O]) 
Q-cw[O]=UA-c[O]*(T-bar-c[O]-T-wc[O]) 
Q~c[O]=rn~dot~c*Cp~c[O]*DELTAT~c[O] 

duplicate i= l  ,j 
T-he[i-I ]=T-hi[i] 
T-ci[i]=T-ce[i-I ] 
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DELTAT-h[i]=T-he[i]-T-hi[i] 
T_bar_h[i]=(T_hi[i]+T_he[i])12 
T-bar-c[i]=(T_ci[i]+T-ce[i])/2 
DELTAT-c[i]=T-ce[i]-T-ci[i] 
Q-total[i]=Q-totaI[i-l]+Q[i] 

end 

"Effektiwiteit" 
C-c=m-dot-c'C p-c 
C-h=m-dot-h'Cp-h 
Cp-h=CP(Nitrogen,T=T_bar-h,P=P-bar-h) 
Cp-c=CP(Nitrogen,T=T-bar-c,P=P-bar-c) 
T-bar_h=(T_hi[O]+T_heb])/2 
T-bar-c=(T-ci[O]+T-ceu])l2 
P-bar-h=(P-hi[O]+P-he[j])/2 
P-bar-c=(P-ci[O]+P_ceb])I2 
C_min=1204 
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B-2 EES RESULTS - 
Abbreviations 

a 
alpha 

A-f 
A ff 
AI~ 
A-h-tot 

b 
CP 
C 
DELTAP 
DELTAT 

D h  
epsilon 
epsilonq 

e ta-f 
eta-o 

f 

H 

h 

j 

k 

L 
Ltotaal 

Mass 
mu 
m 
m dot 

Cell width 
Heat transfer area 
density 
Fin area 
Free-flow area 
Heat transfer area 
of increment 
Total heat transfer 
Area 
Cell height 
Specific heat 
Fluid capacity rate 
Pressure difference 
Temperature 
difference 
Hydraulic diameter 
Effectiveness 
Percentage pressure 
loss 
Fin effectivity 
Overall fin 
effectivity 
Fanning friction 
factor 
Height of 
recuperator 
Heat transfer 
coefficient 
Number of 
increments minus 2 
Thermal 
conductivity 
Length of increment 
Length of 
recuperator 
Mass of recuperator 
Viscosity 
Fin constant 
Flow rate 

Nu 
n h  - 

n-w 

Pr 
P 
Q 
Re 
rho 
R-w 
R-f 
sigmaK 
T 
t f  - 

1-w 
UA 

v 
Vol 

W 

Subscripts 
C 

h 
t 
max 
min 
1 

e 
bar 
W 

m 
f 
wp 

Nusselt number 
Number of unit cells 
Number of channels 
in width 
Prandlt number 
Pressure 
Heat transfer rate 
Reynolds number 
Density 
Wall resistance 
Fouling factor 
Secondary losses 
Temperature 
Fin thickness 
Wall thickness 
Overall heat transfer 
coefficient 
Velocity 
Volume of the 
recuperator 
Recuperator width 

Cold side 
Hot side 
Total 
Maximum 
Mini mum 
Inlet 
Exit 
Mean 
waIl 
material 
Fin 
Wall at hot side 
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A f=5.55 
A-ff=0.074 
A h = l l . l  
A h tot=222 
b=0.001 

C ~ 1 1 6 5  1 L=0.0375 ( rho m=14180 I W=0.518 

Cp c=1073 I H=0.8 I P bar h=253984 
Cp h=1078 1 j=19 I Q rnax=-503918 

School of Mechanical Engineering, NWU B:121 

DELTAT mix=-432.4 
D h=0.001 
epsilon=0.9516 
epsilon pc=0.2533 
epsilon ph=2.884 

t w=0.001 
Vol=0.3108 

m dot c=1.086 
m-dot h=1.148 
n h=200 
n w=370 
P bar c=803981 

sigmaK=O 
T bar=311.5 
T bar ~ 3 0 0 . 3  
T bar-h=334.4 
t f=0.0004 
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Element 

1 

2 
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Element k 
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B-3 FLOWNEX RESULTS - 
Abbreviations 

HEAT 
M 

Massource - 
MFlow 
Mach 

P 
Rho 
T 

Specific heat of 
material 
Heat transfered 
Mach number of 
fluid 
Flow rate 
Flow rate 
Mach number of 
fluid 
Pressure 
Density 
Temperature 

Vel 

Subscripts 

Velocity of fluid 

- Exit 
- Inlet 

Mean 
- Primary side (Hot 

side) 
- Secondary side 

(Cold side) 

Figure A-1 Flownex Model 
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NODE 

NO 

1 

P 

[Ha] 
257.7 

T 

["C] 
527.7 

Vel 

[m/s] 
14.31 

Mach 

0.025 

MASSOURCE 

[kgls] 
1.148 
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Hot Side 

17 

18 

19 

20 

251.31 

251.07 

250.84 

250.63 

251.07 

250.84 

250.63 

250.44 

225.5 

204.23 

183.18 

162.36 

204.23 

183.18 

162.36 

141.79 

1.15 

1.15 

1.15 

1.15 

9.14 

8.76 

8.38 

8 

8.76 

8.38 

8 

7.63 

8.95 

8.57 

8.19 

7.82 

0.02 

0.02 

0.019 

0.019 

0.02 

0.019 

0.019 

0.018 

0.074 

0.074 

0.074 

0.074 

0.074 

0.074 

0.074 

0.074 

-25.62 

-25.357 

-25.09 

-24.777 

1.73387 

1.81077 

1.89416 

1.98477 

1056.94 

1053.68 

1050.46 

1048.31 

1053.68 

1050.46 

1048.31 

1046.62 
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Cold Side 
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