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Abstract

The Spiky Central Receiver Air Pre-heater (SCRAP)

receiver is a novel external metallic tubular cahteceiver
concept. The SCRAP receiver is designed to increasair-
receiver's solar-to-thermal performance. This imed to be
achieved by enhancing heat transfer to the pressligir-stream
within the absorber assemblies (spikes) by utifjzan internally
finned tube geometry.

To validate the models predicting the pressurizedi@aw
and heat transfer within a spike, an experimeist setup was
designed, constructed and built at the heat trafasf®ratories
at Stellenbosch University. This work introduces ttesign of
the test setup and presents the manufacturingeofntiernally
finned components.
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1. Introduction

A combined cycle (CC) concentrating solar power RLS
plant provides significant potential to achieve efficiency
increase and an electricity cost reduction compéawedurrent
single-cycle plants. A CC CSP system requires a&ivec
technology capable of effectively transferring hefabm
concentrated solar irradiation to the pressurizedteeam of a
gas turbine. The small number of pressurized aieivers
demonstrated to date have practical limitationsmbygerating
at high temperatures and pressures. As yet, atamadable and
efficient system has to be developed and commeéredhl A

novel receiver system, the SCRAP concept, has pesposed
to comply with these requirements [1]. The SCRABtawy is
conceived as a solution for an efficient and rolpusssurized air
receiver that could be implemented in CC CSP cadscep
standalone solar Brayton cycles without a bottonfRankine
cycle.

The study of pressurized air receivers is a youelgl fof
research, with a small number of receivers propesetitested
to date. It was found that a solar receiver systehprovides a
high solar-thermal efficiency as well as good agtiefficiency
(not requiring a secondary concentrator and opegatith a
surrounding heliostat field), is robust (not depamtdon fragile
materials) and operates under a low pressure daspyét to be
found [2].

2.1. The SCRAP Receiver Concept

The SCRAP receiver was conceived with the intentimn
overcome these challenges in an effective, robust @st-
efficient manner. It is intended as an externalatfiettubular
pressurized air receiver, with the purpose of patimg an air
stream to up to 800 °C upstream of a gas turbio@sbustion
chamber (or secondary receiver) [3]. A represeamatf the
receiver is shown in Fig. 1. The tubular absorb&seablies
(referred to as spikes) are concentrically arrarigeslich that
they describe a body of increasing density tow#ndsreceiver
centre and allow for a receiver type that can dpereth a
surrounding heliostat field, leading to an increbaenual optical
solar field efficiency.
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Fig. 1. A manifestation of the SCRAP receiver (left half
in section) [1]

The incoming air (from the compressor) enters toeiver
through an inner chamber. From there the air strigagirected
through circular tubes into the absorber assemtiiash spike
(see Fig. 1) consists of two concentric tubes, loictv the inner
supplies the incoming air stream from the innemtber to the
spike tip (outermost point) from where the air flisvdirected
back by 180° towards the receiver centre, passingugh the
outer tube. The outer tube's outer surface is exgpa® the
concentrated irradiation and in the process heatgd
transferring thermal energy to the pressurizedtagam.

The temperature of the outer tube wall is intenttedse
from the spike tip towards the highest temperaairthe spike
root (where it is mounted to the receiver strugtuiith
radiative heat losses gaining significance at higbmperatures
this surface temperature distribution becomes dadgaous. As
a result a macro-volumetric effect is envisagedemshthe
highest material temperatures occur deep withirrebeiver. A
large cooling effect is achieved at the most exgasea, the
spike tip, where relatively cool air exits the inriabe. With
lower solar irradiation expected towards the spdat, the risk
of the absorber pipe exceeding temperature liroiati is
lowered.

2.2 Previous Work

A ray-tracing study was conducted in order to ustderd the
receiver’s sensitivity to solar field parametetsvés found that
the effect of heliostat size/facet size has a Hetaffect on the
flux distribution along a spike [3]. As the spilie points towards
the solar field it experiences the highest flux.eDto the
geometry of the spike tip a strong cooling effdthe impinging
air stream onto the tip surface (end cap in Fig.d9 it changes

the flow direction by 180° - is envisaged. The hemisfer model
introduced in reference [3] describes the intehredt transfer
within a spike. In the model the spike tip is teshas a black box
operating with an averaged Nusselt number andifiput. That
model was expanded in reference [4] by adding dicsec
representing the jet impingement cooling of thekeptip.
Further, heat losses to ambient, comprising natwabection,
forced convection as well as thermal
implemented. The predicted solar-thermal efficienafy a
SCRAP receiver spike was approximately 80 % atianudlet
temperature of 800 °C and an ambient wind spe€egirofs at
receiver height [4].

This heat transfer model requires validation toréase
confidence into the predicted receiver performahcéis paper
an experimental setup that was designed, constracte built at
the heat transfer laboratory at Stellenbosch Usitseris
presented.
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Fig. 2. Section through tube geometry [1]

3. Laboratory Test Setup

A test setup was designed, constructed and built at

Stellenbosch University. The design was intendeazetanodular
and interchangeable. This permits testing of midtghenomena
or spike components (or unrelated heat transfeeraxgnts) in

a variety of configurations. The experimental tsstup is

initially introduced in the configuration used tavestigate

pressure drop and convective heat transfer witteénmeéctangular
ducts, including sensory equipment used. The gethiereafter
provides details on the variability of the setup.

3.1 Description

A photograph of the test rig is shown in Fig. 3.eTh
components are introduced, following the flow afthrough the
system. Pressurized air is available at an absgigssure of

radiation were
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Fig. 3. Photograph of thetest rig in the heat transfer laboratory

approximately 1 MPa and regulated to the desiredgure and
mass flow rate. The pressurized air enters thepgbough an
on/off valve, shown on the top left.

Thereafter, a pressure regulator (incl. a 40filtar unit)
permits regulation of the air pressure at a nondiraflow rate
of up to 20 000 L/min [5]. The air inlet temperaus measured
downstream the pressure regulator. Thereafterriioeoplate is
used to establish the mass flow rate. From théceriflate the
air stream is directed towards the test sectiog. @).

There, a steam compartment was built to provideriae
energy input at a constant temperature of nomiriEdly °C on
the outside surface of the investigated spike @ectiThis
temperature enables confirmation of convective hemisfer
models, while permitting cost effective materialsnda
manufacturing processes

In the configuration shown in Fig. 4 and Fig. 50 2nm
section with internal fins is heated. After the #aw exits the
inner tube and is redirected by 180° towards tghtrit flows
through an annular space. This annular sectiod4fim length
is intended to reduce the flow stratification befentering the
internally finned section. A short internally firshesection of
114 mm length is used for the air flow within thacts to
develop and the wall friction to stabilize. Usingasers of
0.5 mm thickness, the flange is thermally insuldig@n air gap
towards the flange of the heated section. A 210 fong
internally finned, heated section is submergedhea steam
compartment. For the length of the inner tube beiithin the
heated internally finned section its outer diametas reduced
to provide an air gap of about 0.3 mm in order limieate
thermal conduction from the fin tips to the inngioé.

From the downstream flange of the heated sectiqually
using a 0.5 mm air gap for insulation purposes,hbated air
flows through an annular segment of 114 mm lenigtihe last
segment the air flow direction is changed by 90Wwanuls

towards the exhaust silencer. Should the temperdiatribution
show stratification, the duct towards the silencan be filled
with metal wool (e.g. brass or copper wool) to rtig air flow
and achieve a more homogenous air temperature.dapter
flange positioned before the air exits the setupubh the
silencer houses three thermocouples. Each thermleou
measuring the air outlet temperature, is insertedlifferent
length.

In order to reduce the number of variables for errtial
experiment it was decided to develop a test setapeld by steam
at ambient pressure. Therewith, the heating teryerais
constant at the condensing temperature (100 °Cashting
steam condensate mass, electric input power atstbeam
generators as well as the inlet and outlet temperaif the air
stream provides assurance on the validity of geedrdata.
Fig. 4 shows a photograph of the test section efsitup. The
steam compartment is insulated by another steamtlovough a
wall cavity and therefore not additionally insulht® ambient.
The steam compartment is mounted individually (mimgrarms
can be seenin Fig. 4) and is sealed with rubtmnfeowards the

Fig. 4. Test section without insulation cladding
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Fig. 5. Test setup in a configuration with heated internally finned section
flanges, therewith minimizing conduction betweea tmall and pressure taps for static pressure measuremeniaddesl. As the

the test section.

ducts for the air flow are narrow (3 mm) and thecowuples

A steam generator of 4 k\ating is used to provide steam Would influence flow profiles. To gain a reasonatelgolution of
for heating of the jacket. A second steam generaasrupgraded ~ temperature da ta, temperature readings are takearious
to 6 kW rating and is used to provide steam to the steam depths of the fins on different axial positiondrtiprove insight

compartment (see Fig. 5). Both steam generatorequimped into heat transfer characteristics. Axial sensasitpming and
with voltage regulators. thermocouple insertion holes are shown exemplaRign6.
3.2. Sensor placement Over three axial locations the metal temperature ca

The sensor placement in the test setup is intratitrcehe
configuration shown in Fig. 4 and Fig. 5. The expent is
intended to confirm the developed simulation modelpredict
the performance of the SCRAP receiver. This inciutthe heat
transfer models as well as pressure drop. To this several

therewith be measured at various depths withinfittee Since
the test setup is axially symmetrical, the measuded can be
superimposed onto a single fin (permitting compmeriso a
simplified computer simulation, modelling a periodection
only).

294.1
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Fig. 6. Section through internally finned tube at axial position wher e ther mocouples areinserted to depths between
2.0 mm and 10.4 mm (left), axial distance of static pressuretapstoinlet into rectangular ducts abovethetube, distance of
ther mocouple measurement pointsto beginning of heated section below thetube (right). Illustrations are not to scale.
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Fig. 7 Experimental configuration with tip heated (top I€ft), tip and annular space heated (top right), tip and
internally finned section heated (bottom left) and an internally finned section heated (bottom right)

3.3 Sensory equipment and calibration

Prior to conducting experiments the type-T thernupbes
were calibrated using a Fluke 9142 Field Metroldggll. The
differential pressure transducers (Freescale MPRRO5
differential pressure range 0 kPa — 50 kPa; ling&25 % [8])
were calibrated using a Betz type 5000 Micromaneméior the
range exceeding 5000 Pa correct functionality wabkdated
against a mercury manometer.

The gauge pressure was measured using a Firs8ag0B-
10B (pressure range 0 kPa — 1000 kPa; accurad (93). Data
logging is conducted using a Keysight 34970A datgugsition
control mainframe with three Keysight 34907A muiti€tion
modules [10].

4 Variable Configuration

The test setup is of modular nature in order tovigie a
platform enabling a variety of experiments relattngesearch
on the SCRAP spike. For this purpose the steam agdmpnt is
mounted on rails, permitting flexible positioninteteof.Fig. 7
suggest variations of configurations foreseen tofagse when
conducting experiments towards confirming modelltifighe tip

region with particular interest to the interactadrthe tip and the
inlet into the rectangular ducts.

Fig. 5 shows the test setup in a configuratioended to
confirm heat transfer modelling on the internaliynied tube.
The blue areas mark the internally finned partslenduter tube
segments that have no colour filling are annuli.

If desired, the internally finned tubes can be aepl with
other fin geometries or materials, should furtheorkv be
required. Helically finned segments can be usedeats of
straight fins.

5 FEM Analysis

With pressures of up to 1 MPa possible during the

experiments the peak stress in the internally firgextions were
analysed using FEM. The peak stress occurs omtteg side of
the pipe wall where stress concentration is obseorethe on
roots. Literature (such as [6]) does not offer aess

concentration factor directly applicable to a sfsligeometry. To
develop a sound understanding of stress distribudind peak
stress values a minimal periodic sample was siredlat MSC

Patran [7]. The sample contains half a duct incigdialf a fin

(see Fig. 8).
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Fig. 8. Coarse mesh of half fin, two further half fins
illustrated for clarity.

The simulation boundary conditions applied were eedg
pressure on the inside and outside walls of 1 MithOal MPa,
respectively.

The symmetric boundary condition is configured asaél
node based restriction of transversal (x-directiomvement
(<0; ;>) and rotation around the axis in axial (gijection
(<;;0>). A coordinate system on each boundaneduired to
configure the boundary conditions as described (seal
coordinate system on top right corner of Fig. 8).

The linear static solver is used to compute thesstrThe
peak stress is observed with increased mesh rasoluntil
convergence is achieved. Increasing grid resolutivas
conducted by splitting each quad cell into 4 inhesiep, which
is permissible due to the relatively small comgotal expense
of the refined setups.
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Fig. 9. Peak stressover number of nodes

The simulation was repeated with increasing grablugion
until the solution converged. The development effhak stress
over a refined grid is depicted in Fig. 9 and shidvespeak stress
to appear to be levelling out at about 58 MPa (fferea radius
of 0.1 mm).

In comparison, the stress in tangential direction &
cylindrical pressure vessel (here, the tube witliowgrnal fins)
is approximated with

pr

Oy = T

wheret is the wall thickness and the cylinder is assuaeethin
walled. As a reference, a tube witlr 0.035 m¢ =2 mm and a
pressure of 1 MPa will result ins, = 15.75 MPa (assuming an
external pressure of 0.1 MPa).
This case of a plain circular tube has been siradl& MSC
Patran to validate the simulated result and sefhp. identical
case as above witlh =1 MPa andr =35mm and a wall
thicknesg = 2 mm has been configured. A 7.5° slice of theetu
was meshed and the edge pressure boundary condjtjmied.
As a result the inner wall stresg; was given with 15.7 MPa,
correlating well with the analytical solution of .¥5 MPa
calculated.

A peak stress of about 58 MPa suggests a stress
concentration factor for the rectangular duct with.1 mm fillet
of 3.7. This value was compared to literature vafiuem Pikley
[5] on cases that suggested some similarity.

Assuming a radius at the fin roots of 0.1 mm, tlress
concentration factoK for a shoulder fillet for a stepped at
tension bar under tension can be estimated inatigerofk ~ 5.
As a further referencel for opposite deep hyperbolic notches

Fig. 10. Test section mounted in wire cutting machine



Fig. 11. Internally finned section befor e (Ieft) and after wire cutting (right).

in an infinitely wide thin bar under tension candstimated at order to reduce the impact of the flange onto tattiarmal

aboutK = 8. conduction from the hot surface (exposed to stetmjhe
With these references in mind and considering stres internal fins.

concentration factors tending to be lower for npldtirepeating 5. Conclusion

notchgs as compared t_o a Single notch it s?ems tireat The research on the SCRAP receiver performance was

established peak stress simulated in MSC Patrealich expanded by introducing a modular experimental teaisfer

6 Manufacturing of Internally Finned Sections setup in order to validate models created for tedgomance

The test setup is a once-off prototype. Accordingyy
manufacturing process was required that permitdymtion in a
cost-efficient manner. A machining process was ireguthat
would

e permit cutting a depth of ~200 mm,

< introduce little force or heat to avoid narrow fips
deforming/breaking and

« provide cost effective production.

It was decided to employ an electrical dischargechiming
process (wire cutting) that permitted fulfilling ehabove
requirements. With a wire diameter of 0.10 mm, dius of
r = 0.35 mm was selected for the fin roots (see &jign order
to permit the wire to cut a smooth curvature. Doevertical
space requirements for mounting brackets in the wirtting
machine a part length of ~200 mm was selected.1Bighows
the test section mounted in the wire cutting maehirhe spike
components were manufactured from 7050 aluminuayall

Fig. 11 shows an internally finned section befard after wire
cutting. The component shown features protruding fin order
to form a minimal air gap when connected to thadubaection.
As shown in Fig. 12 the beginning of the fins isegsed on the
upstream as well as downstream side of the heatetibs in Fig. 12. Inner tubeinserted into wire cut section
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