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This document provides the rationale for the design and manufacture of the test rig forming Work Package 2 

Task 2. This document is one of two for the circular duct experiments and provided the details of the test rig, 

what parameters it has been designed for to support the test program.

Context:
Hydrogen is likely to be an increasingly important fuel component in the future. This £3.5m project was designed 

to advance the safe design and operation of gas turbines, reciprocating engines and combined heat and power 

systems using hydrogen-based fuels.  Through new modelling and large-scale experimental work the project 

sought to identify the bounds of safe design and operation of high efficiency combined cycle gas turbine and 

combined heat and power systems operating on a range of fuels with high and variable concentrations of 

hydrogen.  The goal of the project was to increase the range of fuels that can be safely used in power and heat 

generating plant.  The project involved the Health and Safety Laboratory, an agency of the Health and Safety 

Executive, in collaboration with Imperial Consultants, the consulting arm of Imperial College London.

The Energy Technologies Institute is making this document available to use under the Energy Technologies Institute Open Licence for 

Materials. Please refer to the Energy Technologies Institute website for the terms and conditions of this licence. The Information is licensed 

‘as is’ and the Energy Technologies Institute excludes all representations, warranties, obligations and liabilities in relation to the Information 

to the maximum extent permitted by law. The Energy Technologies Institute is not liable for any errors or omissions in the Information and 

shall not be liable for any loss, injury or damage of any kind caused by its use. This exclusion of liability includes, but is not limited to, any 

direct, indirect, special, incidental, consequential, punitive, or exemplary damages in each case such as loss of revenue, data, anticipated 

profits, and lost business. The Energy Technologies Institute does not guarantee the continued supply of the Information. Notwithstanding 

any statement to the contrary contained on the face of this document, the Energy Technologies Institute confirms that the authors of the 

document have consented to its publication by the Energy Technologies Institute.
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1 Introduction 

This document provides the rationale for the design and manufacture of the test rig 

forming Work Package 2 Task 2 (WP 2.2) as required under the terms and conditions 

of the ETI Contract Number PE02162. Section 6, Task 2: Experimental investigation 

at increased scale using a circular tube. The rig’s installation, commissioning and 

operating procedures are covered in separate documents.  

The rig will provide an experimental facility to investigate the flame out of 

CCGT/CCGE systems and the consequences of unburnt fuel passing through the 

turbine (in the CCGT case) and into the exhaust system. In such circumstances the 

maximum hydrogen concentration in the downstream mixture is not expected to 

exceed 10-12% v/v hydrogen (when fuelled with pure hydrogen), and be at 

temperatures of the order of 400–6000C, depending on the exhaust composition and 

the degree of compression achieved in the compressor. For CCGE applications the 

hydrogen concentration may be higher by up to a factor of two. If re-ignition in the 

exhaust system is then assumed to occur, the project seeks to assess the potential 

consequences, particularly with reference to the flame acceleration and the 

detonation propensity of the air/fuel mixtures. This rig provides a reduced scale 

model of an actual turbine exhaust system such that the appropriate scaling criteria 

can be identified to enable predictions to be made of the hazards at full scale. The rig 

can also contain a simulated heat exchanger so that its effect on initiating 

detonations can be examined as a precursor to the definitive heat exchanger tests 

proposed for the WP2.3 test rig using an actual heat exchanger but scaled down to a 

representative size.  

1.1 Background 

The aim of this particular section of the project is to manufacture, then commission 

and undertake a series of measurements using a test rig, comprising a jet engine, to 

provide a hot vitiated air flow, and a nominal 600 mm diameter duct, some 12 metres 

long, in which various test conditions can be examined. These measurements will 

help quantify the ignition and flame acceleration, in order to investigate the risk of the 

onset of detonation for the fuel systems selected.   

The rationale for using this size of rig is based on the consistent experimental and 

theoretical evidence for hydrogen mixture compositions with marginal detonation 

behaviour, for which the detonation cell size is characteristically several times that of 

a stoichiometric fuel mixture and rises asymptotically towards the detonation limit 

within a few percent for further mixture dilution. With an established detonation cell 

width for stoichiometric hydrogen-air of approximately 10 mm at near ambient 

conditions and a critical channel width for detonation propagation of no more than 

this, it will be feasible to accommodate, close to the detonation composition limits, a 

potential hydrogen detonation with multiple cells across the width of the 600 mm 

duct. 
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The experiments will test and build on the findings from WP 1 and WP 2.1, using a 

hot vitiated airflow at several but constant flow rates. These will enable validation to 

be controlled in a systematic manner for the modelling, test results and the scaling 

parameters obtained from WP 2.1. The facility may also provide a better appreciation 

of the technology required to control and operate gas turbine engines running with 

hydrogen-enriched fuels safely. In particular this will apply to where and when a 

combustible gas mixture may exist in the exhaust gas stream immediately 

downstream of the turbine. 

1.2 Objectives 

The specific objectives of this part of the overall programme of work are to 

investigate in a nominal 600 mm diameter duct its effect on the results from the small 

scale study of WP 2.1 into the auto-ignition delay times, limits of flammability, and the 

propensity for detonation for the selected systems of high-hydrogen fuels as defined 

in the literature review from WP 1 and the stage gate 2 presentations.  

The proposed test programme also seeks to assess the risk of ignition of non-

combusted hot exhaust gases on hot surfaces for a specified flow rate and exhaust 

gas temperature as tested in the WP 2.1 test programme. It will also act as a test bed 

for the essential configurations and diverse situations that will be encountered with 

the WP 2.3 test rig in which a replicate heat exchanger will be present such that its 

influence on the detonation propensity can be fully examined. 
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2 Description of Rig 

The test rig comprises a Rolls-Royce (R-R) Viper gas turbine, Type 301, whose 

exhaust feeds into the 0.6 m diameter circular duct, which is 12 metres in overall 

length. The duct comprises four by 3 m long un-insulated sections, flanged and 

bolted together and designed to withstand a maximum operational pressure of 22 

barg with a maximum average wall temperature of 400°C. There are both a transition 

section and a variable length diverter section incorporated between the engine’s 

turbine and the start of the 0.6 metre diameter duct.  The first of these provides a 

pathway from the engine turbine into the duct. It also provides a means of controlling 

the amount of exhaust flow that enters the test duct such that a range of velocities, 

typical of those found in full size CCGT/CCGE systems, can be replicated. A series 

of nozzles are integrated into this section to provide a means of injecting and mixing 

the test gas mixtures circumferentially into the main hot gas exhaust flow from the 

engine. These gases will be injected at about ambient temperature, thus minimising 

the risk of ignition at this point. The transition section is designed to the same 

operational parameters as the duct sections. 

The diverter section is designed to withstand dynamic pressures of 5 barg maximum, 

and by doing so is intended to minimise the backpressures reaching the engine. 

Minimising the back pressure on the engine turbine in the event of a major 

deflagration/detonation in the test duct is particularly important, as under the intended 

test conditions there will be a volume of non-combusted gas mixture on either side of 

the ignition point through which flame and pressure waves may propagate and 

accelerate. This section is also designed to control the quantity of the engine exhaust 

flow entering the test duct. To do so it has the facility to spill various amounts of the 

engine exhaust to atmosphere by diverting some of this flow sideways and away 

from the test duct.  

The rig and its associated components will be manufactured from a suitable grade of 

stainless steel. A GA drawing of the proposed test rig is shown in Figure 1. 

The operating procedure chosen requires the engine to be run for between fifteen to 

thirty minutes in order to heat the test duct to the desired operating temperature such 

that the temperature along the duct is stabilised (A typical operating gas temperature, 

after injecting the test gas and oxygen, is expected to be about 5000C, however both 

higher and lower values than this may be achieved possibly in the range of 400 to 

6000C). The engine is then kept running and a high-hydrogen fuel sample together 

with oxygen, sufficient to restore the level in the exhaust stream to a maximum of 

21%, are injected at approximately the same time into the exhaust downstream of the 

engine turbine. This procedure is expected to reduce the exhaust stream 

temperature by approximately 100 C, assuming that the gases are injected at 

ambient temperature and at the maximum flow rates. The flammable gas/oxygen 

mixture injection process should last for more than 2-4 seconds, during which time 

ignition of the mixture will be undertaken. This will be via an electrical spark, which 

will be installed axially downstream of the fuel injection point at an appropriate 

distance and on the centre line of the duct. 
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The engine exhaust gas temperatures can vary from 500 C to 720 C depending on 

the operating conditions being used. Increasing the fuel flow will increase the engine 

speed, hence increasing the mass flow through the engine and the exhaust 

temperature as a consequence. Thus there is limited scope to vary the exhaust 

temperatures to match the desired testing requirements or to maintain conditions at 

approximately 500 C. The engine output is variable from idle conditions, when the 

mass flow rate is 5 kg/s, up to maximum power when it is18 kg/s. Once at or above 

idle the exhaust temperatures remain at approximately 560 C until almost the full 

power output is reached. As it is not intended to operate the engine at a mass flow 

rate of more than 15 kg/s, temperatures above 560 C will only be reached by 

operating the engine at or near to its maximum throughput, which can be done but 

only for a very limited time.    

The complete test facility comprising the jet engine and the duct, with its associated 

components will be housed in an approximately 15 metre long by 3.0 x 3.5 metre 

cross section ventilated agricultural style building. The test duct is attached directly to 

a substantial concrete pad, which is capable of withstanding the dynamic reaction 

loads resulting should a stoichiometric hydrogen detonation occur within it. The duct 

is fixed at one point only, through an anchor plate attached at the beginning of the 

test duct proper. The rest of the duct is simply supported in order to allow for thermal 

expansion. The R-R viper engine is mounted independently with a variable length 

connection between the exit from the turbine and the beginning of the diverter 

section, which controls the amount of engine exhaust flow that is spilled and also 

allows for thermal expansion. 

The engine itself is isolated from the test section by a steel blast wall designed to 

prevent any fragments from a failed engine reaching the test area. The engine is also 

housed within a semi open rectangular building made from concrete blocks, with a 

steel roof. This building is open at one end and is designed to contain any 

overpressures that may occur should there be an accidental release of flammable 

gases, which subsequently ignites. The building is also designed to contain any 

fragments that may result from a failed engine.  See section 2.6 for further details. 

There are two openings in each side of the pendine block walls through which go two 

horizontal pipes. These duct the excess exhaust flow from the engine away from the 

test area when it is operating in a low flow mode.     

2.1 Instrumentation 

There are two sets of diametrically opposed bosses welded along the length of the 

tube at 500mm intervals, drilled and tapped to take a range of sensors for measuring 

pressures, temperatures and flame velocities along the tube. The latter are measured 

with both ionisation and optical probes, these being the principle means of flame 

detection, with the ionisation probes detecting flame at the wall and the optical 

probes across the whole of the cross-section.  In addition 80mm diameter viewing 

ports are provided in each tube section at a distance of 500mm from the beginning of 

each 3 m length of tube. A single optical quartz window will be provided which can be 
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used in any of the four tubes, the other three ports being blanked off. This will allow 

LDA measurements to be made of the flow velocities and turbulence intensities 

across the tube at up to four different downstream positions. 

The pressure sensors will measure pressures across the expansion wave fronts in 

the duct. Two additional fast response pressure sensors will be used to obtain the 

peak pressures and waveforms across the shock fronts. The thermocouples will 

measure the gas temperatures outside the boundary layer, whilst other 

thermocouples will monitor the duct wall temperatures, fully developed turbulent flow 

being assumed.  All of the probes can be used to monitor flame propagation 

parameters i.e. distance/ time/ velocity. Several additional pressure transducers are 

available for measuring operational pressures in the duct and around the engine 

exhaust as necessary. The average temperature and velocity profiles across the 

exhaust flow will be measured using ‘K’ type thermocouples and pitot probes. These 

will also be used, together with the Dantec LDA system, to ascertain the mass flow 

rates within the exhaust flow. 

As part of the commissioning procedures the degree of mixedness will be measured 

using a ‘Cambustion’ fast response FID (HFR500) system, which will be used to 

detect fluctuations in the concentration of methane (typically up to 4-5%), injected 

into the exhaust flow.   

A multi-channel data logging and processing system will be provided, which will have 

appropriate sampling rates to match the needs of the various sensors being 

employed, together with a 16-bit resolution capability. 

HSL’s Visual Presentation Services will provide appropriate photographic and video 

records of the test rig and the tests during both the commissioning and the 

experimental programme. 

2.2 Engine Conversion 

The Viper jet engine will provide a maximum mass flow rate of 15-18 kg/s, with a 

turndown ratio of 4:1. The engine has a power output of 3.0-3.5 MW, and jet 

velocities in the 600 mm diameter duct will be between 10 - 130 m/s. A dedicated 

engine intake will be provided so that the airflow is smooth and the inlet mass flow 

rate can be measured from the pressure drop at the throat of the intake.  

It has been decided to run the jet engine on pure butane in order to minimise the 

possibility of soot particles and other additives affecting the DDT behaviour of the 

gases being tested. Consequently the design of the gas turbine rig involves 

modification of the engine prior to commencing the test programme as well as 

purchasing and installing a 9000-litre liquid butane storage tank. Modifications to the 

engine to run on butane involve removal of its existing fuel pump and fitting an 

external variable speed positive displacement pump to meter the fuel flow into the 

engine and therefore control its speed. To this end expertise from another company, 

Reaction Engines, who have specialised technology for running a Viper engine on 
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pure butane, has been obtained so that the risks of any unforeseen technical 

difficulties arising from the conversion of the engine are minimised.   

2.3 Control System 

The control system for the engine is an adaptation of the established control system 

used when running the Viper engine in its normal mode on kerosene. A dedicated 

PLC system will be purchased and programmed to control the engine and ensure the 

prescribed safe operation of the engine, rig and facility. The specialised experience 

of Reaction Engines is being used again in the development of the control system, as 

it needs to accommodate extra safety features relating to the use of butane as fuel. 

The engine is started using an electrical starter to spin it at 530 rpm; it then uses pilot 

fuel injectors to spool it to idle (4000 rpm) before switching over to the main fuel 

injectors. 

The control system reads and records a number of engine and rig parameters such 

as RPM, oil pressure, compressor pressure, exhaust temperature, vibration, pressure 

and intake mass flow rate. Software will be written to communicate with a National 

Instruments hardware cRio/PXIe/SCXI system and display these parameters on 

computer screens as well as storing them on a hard drive. The clock of the engine 

control system will be synchronised with that of the data acquisition system so that 

data from other instruments can be correlated with engine parameters. 

The cRio/PXI/SCXI will be located in close proximity to the engine whilst that part of 

the control system responsible for displaying and storing the engine parameters will 

be in the control room, which for safety reasons is situated approximately 90 metres 

from the engine and test area. Engine start, speed settings and shutdowns will be 

carried out from the control room. Failsafe hardware will be installed, which in the 

event of a power failure, gas leakage, and engine over speed or over temperature 

will automatically shut down the engine and the rest of the system. 

2.4 Gas Mixture Supply 

The system of gas supply will consist of two stainless steel pressure vessels with a 

maximum capacity of 225 litres and a MWP of 300 barg. One vessel will contain 

oxygen the other the fuel mixture. The latter will comprise mixtures of 

hydrogen/methane/carbon monoxide and nitrogen as required. Specific gas mixtures 

will be prepared from individual gas cylinder packs using a Haskel booster pump. 

Mixtures will be quantified using partial pressures. Mixtures and individual gases up 

to 100% concentration can be prepared in this way. Both pressure vessels will be 

mounted on load cells, three per vessel. These will enable the mass flow rates from 

the vessels to be measured independently of the coriolis mass flow meters. 

The means of injecting the gas mixtures will be a flow through system, injecting 

directly into the exhaust stream and relying on the injection process to ensure that 

the gases are fully mixed with the exhaust stream. This avoids waste and reduces 

the risk of a flash back. The mass flow rates of the injected gasses will be measured 
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using individual coriolis mass flow meters and controlled using mass flow controllers. 

The supply line pressures will be regulated using pressure regulators (60 barg 

maximum, but typically 40 barg). This method of flow control and monitoring provides 

a more accurate control system with better resolution and variability than can be 

obtained by direct injection through fixed diameter orifices. The need to do so has 

arisen from an assessment of the test data obtained from WP 2.1, which has shown 

the importance of even small variations in the mixture compositions, hence the need 

to have precise control over the mixture concentrations injected, together with a wide 

range of mass flow rates to match the exhaust mass flow ranges. The same method 

of flow control will be required with respect to the addition of oxygen. This was not 

proposed in the original contract but has been added as a result of further 

consideration of the actual flameout conditions, the findings of the literature review, 

sponsors meetings and the initial results from WP2.1.   

The gas supply system will be located in a well-ventilated area and will be piped to 

the rig. For safety reasons it will be separated from the test rig by a double concrete 

block wall located to the side of the rig. The pipe work with its associated pressure 

regulators and flow controllers will be designed and installed to accord with the 

Pressure Systems Regulations, incorporating non-return valves and flame arrestors. 

2.5 Data Collection 

SCITEK will design and install the data acquisition system for the rig, using hardware 

from National Instruments in the form of cRio, PXI/SCXI systems that have fast data 

acquisition capability (in excess of 200 kHz) as well as signal conditioning capability 

for different types of sensors. This system will also be interfaced to the engine control 

system, which is also a PXI/SCXI system. The data collection software will ensure 

that all critical data is displayed in numerical and graphical form and stored for more 

detailed analysis in due course. The software for data acquisition and control will be 

written by SCITEK in LabView, which is the industry standard. 

2.6 Commissioning 

The completed rig will be installed on a concrete pad that is within the experimental 

test area of the HSL site. It will be attached by a substantial steel frame to a set of 

rails, which themselves are attached to the concrete pad forming the base for the rig. 

The duct section of the rig will be enclosed, for safety reasons within a well-ventilated 

agricultural type building. This enclosure will provide protection from inclement 

weather and also provide a suitable working environment. 

The engine, diverter and transition sections of the rig will be housed within a 

rectangular concrete block walled structure. This structure also separates the gas 

storage and preparation area from the test rig as mentioned previously in Section 

2.4. The layout of the whole structure is shown in Figure 3. 

There will be a steel roof over the pendine walled section but with a 250mm 

ventilation gap between it and the top of the concrete block walls. See Appendix 8 for 
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the calculations supporting the roof structure design. The purpose of this structure is 

to contain any debris and/or blast effects in the highly unlikely event of an engine 

failure and the subsequent release an ignition of flammable gas mixtures from the 

entrance to the duct section of the test rig and the engine. 

There will also be isolation from the duct section of the rig by a vertical steel blast 

wall placed between the start of the transition section and the gas injection manifold, 

at the end of the pendine block work. This wall is also designed to withstand the 

moderate blast pressures that may be generated by the accidental release and 

ignition of the test gas mixtures from the duct and engine. It is also designed to 

contain any fragments that may result from such an event. See Appendix 8 for the 

calculations supporting the blast wall design.  

The rig will be operated from a nearby control room, 90 metres away, where the data 

collection and processing system will also be housed. An exclusion zone will be 

declared and maintained around the test rig during its operation. See Figure 19. 

The engine will be commissioned first to ensure that its control system is responding 

correctly such that the operating conditions can be maintained and controlled and the 

engine starts without flameouts, as these may release unburnt gas.  

Engine running tests will follow to ensure that steady state gas flow temperatures are 

established in all parts of rig within an acceptable time scale. Calculations, based on 

a mass flow rate of 15 kg/s, suggest that the unlagged rig will reach its steady state 

operating temperature within 12 minutes, with a gas inlet temperature of 5500 C. At 

the minimum operating condition the system will take longer to reach the steady state 

conditions. The maximum wall temperature will be 4500 C and the outlet gas 

temperature will be 150 C lower than the inlet gas temperature. The steady state 

temperatures and operating conditions will be recorded. Once the required gas flow 

conditions have been achieved further tests will be undertaken to validate the fuel 

mixture and oxygen injection systems, and to check that adequate mixing is being 

achieved. Further testing will be done to confirm that the instrumentation is 

functioning correctly together with the data collection system. See the 

Commissioning Plan (1). 

2.7 Safety Assessment 

HSL will undertake a risk assessment of the whole operation and will have 

responsibility for the safety of the rig; others will contribute to this process particularly 

with respect to the operation of the Viper jet engine. All work done will be in 

compliance with the relevant CDM, DSEAR and Pressure Systems Regulations. 

As part of the safety measures a gas detection system will be installed within the fuel 

storage and engine areas to detect any fuel leakages, this will be linked via the 

engine control system to safety cut-off valves. Other fire prevention measures will be 

included as necessary. 
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3 Product Specification 

3.1 Tube Section  

3.1.1 Description 

The tube or duct component of the test rig comprises four sections each of which is 

3.0 metres long, together with a 2 metre long transition section and a variable length 

diverter section. Each section of tube is flanged in accordance with the relevant pipe 

code. Proof of conformity with the code has been provided by the supplier/ 

manufacturer for both the tube and flange materials.  

The sections mate with adjacent sections such that any radial misalignment between 

sections does not exceed 0.5 mm at any point around the circumference of the 

mating surfaces. The sections are spigotted and bolted together without the use of 

gaskets; the mating surfaces are machine finished, as the joints do not have to be 

leak proof.  (“O” ring seals are used for hydrostatic proof testing purposes only).  

The tubes are manufactured from 304L grade of stainless steel, with their seams 

ground internally to provide a smooth surface along the length of the finished tubes.  

Each section of tube has two diametrically opposed series of bosses welded along 

their length at 0.5 metre intervals, starting at a distance of 0.25 metres from the tube 

ends. These are drilled and tapped to ¾” BSP parallel female pipe threads, flat 

bottomed some 8mm above the tube inner diameter and with a 19 mm diameter hole 

into the tube. Each tube also has a single 80mm diameter optical viewing port at a 

distance of 0.5 metres from one end. There are also two diametrically opposed 1” 

BSP tappings drilled and tapped through in each pipe section, which are in line with 

the first instrument ports but at 900 to them. See Figure 2. 

Four cradles, whose heights are adjustable, support each of the four tube sections. 

Each cradle runs within two channels with sideways movement being prevented by 

adjustable castors. This enables the sections to be moved easily within the enclosing 

building, and to be aligned and bolted correctly to each successive tube section. 

Each cradle will support the weight (1.5 tonnes) of each tube section. There are no 

horizontal loads applied to the cradles. 

There is a transition section that connects to the beginning of the tube section of the 

rig. This has provision for injecting the test fuel mixtures into the exhaust stream 

circumferentially through a set of three equally spaced radial tubes. Each tube 

contains 52 small holes sized to deliver the required range of flow rates as a series of 

under-expanded jets. There are a similar set of three tubes for the delivery of make-

up oxygen placed immediately in front of the fuel delivery tubes. This transition 

section is designed to the same standards and codes as the four main tubular 

sections. See Figure 6. 
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The transition section connects to the engine through the diverter section. The latter 

being designed to control the quantity of the exhaust flow that enters the duct 

section. Excess exhaust being deflected horizontally away from the test rig. The 

length of this section can be varied to control the area of the openings taking the 

deflected flow. It also connects directly to the engine exhaust nozzle and cone, the 

latter being held within the nozzle by three equally spaced guide vanes. It is not 

rigidly connected to the engine exhaust turbine housing, as there is a sliding 

connection to allow for expansion and setting of the correct flow rate. This unit is 

designed to with stand a maximum dynamic load of 5 barg. See Figure 4. 

The Diverter section has two horizontal outlet pipes connected to it by flanged 

connections. These pipes are 300 mm diameter and take the exhaust gases out of 

the immediate test area. See Figure 5. 

A turbulence generator has also been provided; comprising a removable vertical grid 

of five tubes whose diameter may be changed from 25mm up to 50mm. Up to three 

additional grids can be attached to the first set of tubes in order to represent a multi-

stage heat exchanger. This unit can be mounted between the first of the four 3.0 

metre long tubular sections or at the inlets to any of the other sections. See Figure 7.  

The completed tube is fixed, at a centre-line height of approximately1.0 metre above 

the concrete base. It is anchored at one point only to the underlying concrete. The 

attachment point is at the flange on the interface section. Thermal expansion of the 

tube when in operation is accommodated through movement of each section on its 

respective cradle. The complete assembly is shown in Figure 1. 

3.1.2 Assumptions 

The tube has an internal diameter of nominally 600mm and is capable of 

withstanding an operational static pressure of 22 bars maximum. The maximum 

average wall temperature is taken as 4000C.   

The tube is also designed to comply with ASME B31-3 Pressure Piping code (2) and 

ASME B16-5 Flange Code (2). In addition all components comply with the Pressure 

Equipment Regulations 97/23/EC (3), and HSL has signed-off all manufacturing 

drawings prior to manufacturing commencing. 

The turbulence generator can withstand in shear an impulsive pressure load of 22 

bar acting normally across the full section.   

It is assumed that the engine exhaust cone and supporting vanes may be subjected 

to an impulsive reaction due to a static pressure not exceeding 5 barg acting along 

the pipe centreline towards the gas turbine. The duct mounting system will also be 

subjected to this pressure load. 

3.1.3 Calculations 

Tubes/ flanges and transition section design: all of these components are 

designed in accordance with ASME B31.3 Pressure Piping Code (2), with the 
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maximum allowable working pressure at 4000C being 23.9 barg (which is adequate to 

meet requirements). The theoretical burst pressure of the tubular sections is 140 

barg. 

Forged flanges, (certified) according to ASME B16.5 in 304L of 300lb dimensions are 

rated at 23.9 bar at 4000C and are therefore adequate.  These flanges are 914 mm in 

diameter for a 600 mm pipe. The flange thickness is 111 mm and the weight of each 

three metre long section of completed tube is 1.5 Tonnes. 

The use of this tube size also allows for any unforeseen significant overpressures in 

the unlikely event of DDT occurring, when very short durations/transient dynamic 

pressures pulses may occur, with an average pressure of 30-40% in excess of static 

loading. The relevant design calculations are given in Appendix 1. 

The design pressure was obtained from the numerical modeling simulations 

undertaken under contract by both BAES; see Appendix 2, and Dr. G. Munday, see 

Appendix 3. The former assumed that a hydrogen detonation occurred under 

stoichiometric conditions for which the predicted maximum pressure was 22 bars, 

with peak pressure spikes some 2-5 times greater but lasting for around 10 micro-

seconds. Consequently these peak values may be ignored as their duration is well 

below the period of the natural ringing frequency of the tube, which is 3X10-4 

seconds. This was also confirmed through dynamic finite element calculations 

simulating the impact of the loading conditions predicted by BAES.  

Two sets of injection tubes, each comprising six entry points, are provided in the 

walls of the transition section. These are close together at the engine end of this 

section and provide the means of injecting the fuel mixtures and oxygen into, and 

mixing with, the main exhaust flow from the engine. The relevant calculations are at 

Appendix 4.   

Instrument ports: The bosses are 50mm in diameter and are welded directly to the 

outside of the tube sections in accordance with the ASME code. 

Diverter section: This section is designed and manufactured from 304L stainless 

steel, to provide a range of input mass flow rates in accordance with the design 

specification. Consequently it comprises two sections, the first of which is a tapered 

cone that connects directly to the beginning of the test section and is able to 

withstand the same loadings. The second provides a means of restricting the inlet 

flow to the duct and will be used only when the lowest velocity ranges are required. It 

allows for spillage of the excess exhaust gases from the engine, over its whole 

operational range. This item is designed to withstand a static pressure of 5 barg. It is 

shown assembled in Figure 4. 

Turbulence generator: The turbulence generator is shown in Figure 7. This unit is 

currently being modified to enable additional rows of tubes to be connected to it. 

Anchor plate: This comprises both the attachment to the tube at the interface 

section and the mounting to the concrete base underneath the containing tunnel. The 
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reinforced concrete base is located 1.00 metre below the centre-line of the test rig 

and its dimensions are 32 x 3.25 x 0.375 metres. It weighs some 94 Tonnes. 

Calculations for the anchor plate design and the attachment bolts to the concrete 

base are at Appendix 5. It is shown in Figure 8. 

3.2 Engine and Butane Fuel Systems  

The Rolls-Royce Viper Mk.301 engine is a single shaft axial flow turbojet that 

produces a maximum thrust of approximately 2500 lbs (1.136 Tonnes). The dry 

weight of the engine is approximately 250 kg. The two engines purchased for this 

particular research project were both previously installed on a Hawker Siddeley 

HS.125 aircraft, a small business jet that was also used by the RAF for navigation 

training under the designation Dominie T-1. For this experiment one engine has been 

converted to run on butane fuel in order to reduce the amount of soot produced in the 

exhaust. The second engine will be kept as a spare for unforeseeable failures with 

the first. 

The engine will be mounted on a frame manufactured by SCITEK, conforming to a 

standard design such that the centreline of the engine is approximately 0.95m above 

the floor of the concrete pad. The engine frame will slide along a set of rails and can 

also be secured to them. This enables the engine to be moved backwards when 

necessary to allow access to the diverter section and also to be firmly mounted to the 

ground when testing. Previous experience of running the engine in this configuration 

has proven to be perfectly satisfactory. The mode in which the engine is being run is 

not one that generates significant thrust as the exhaust nozzle has been removed.  

An electric starter motor is fitted to the underside of the engine, powered by one of 

two 12V rechargeable batteries. After the starter begins to turn, butane fuel will be 

introduced into the engine via a flexible pipe coming directly from the fuel system’s 

engine pump. The volume of fuel introduced and the starter motor operation will all 

be controlled remotely using SCITEK’s control panel, which will utilise a National 

Instruments cRIO system (PLC). A number of other parameters, such as the mass 

flow rate of air in the intake; the engine RPM, the oil pressure, engine vibration and 

exhaust temperature will also be monitored by the cRIO.   

A PC will be used to communicate with the cRIO while at the same time providing a 

user interface. The cRIO will be housed in a 19-inch rack enclosure and will also 

feature engine start and stop buttons as well as other hard-wired safety systems. 

The butane required to run the engine will be stored 40 metres away from the engine 

in a single tank with a water capacity of approximately 9000 litres. The tank has been 

purchased new by HSL. The tank system will be fitted with a refill point, over flow 

valve, pressure relief valve, level sensor and excess flow valves. These components 

are the same or similar to those currently installed on a similar butane fuel system at 

Reaction Engines in Oxford.  
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The fuel will be pumped from the tank via a boost pump towards the engine and 

through an existing 25 mm bore pipe. The boost pump specified for the fuel system is 

a 2.2 kW, M Pumps CT MAG-M6/2S coupled multistage peripheral pump with ATEX 

certification. This pump requires 3-phase power and is capable of moving 

approximately 2.5 m3 of butane around the fuel system per hour. 

Nearer the engine the pipe work splits into two lines, one returns fuel to the tank (25 

mm bore pipe), the other (38 mm bore pipe) sends fuel to the engine. Approximately 

30 minutes before the engine is due to start fuel will be circulated around the return 

loop in order to ensure that all pipes are filled with liquid prior to engine start-up. At 

engine start-up a remotely actuated valve fitted to the engine frame is opened and 

fuel is allowed to flow through to the engine pump.  

The engine pump installed will be a 7.5 kW Hydra-Cell diaphragm pump model 

G25SMCTHFECA. This pump also requires a 3-phase power supply and is capable 

of achieving the pump’s maximum flow rate of 2.5 m3/hr at 629 rpm. The pump will be 

fitted with a remotely controlled AC inverter, which will allow its speed to vary. This 

therefore controls the fuel flow into the engine, effectively throttling the engine and 

controlling the engine speed. 

Four remotely actuated valves will be fitted at various locations around the system. 

Each valve will be an ATEX certified ball valve and will have ATEX limit switches 

fitted so that the open/closed position will be relayed back to the control system. The 

first of these valves will be located on the fuel line leaving the tank, the second 

immediately before the boost pump, the third on the return line and the fourth 

immediately before the engine pump. This final valve will also act as an emergency 

shut off valve in the event of the engine having to undergo an emergency shutdown.  

A number of pressure relief valves, manual valves and non-return valves will also be 

installed in the system. A P&ID drawing based on the aforementioned and also 

modified to suit the site conditions at HSL Buxton is shown in Figure 13 which also 

shows the numbers, locations and ratings of these valves. 

3.3 Test gases supply system 

3.3.1 Description  

The test rig requires the supply of mixtures of fuel gases, together with a separate 

oxygen gas supply system. These two separate gas streams will be contained in two 

steel pressure vessels, each with a maximum capacity of approximately 225 litres 

and a MWP of 300 barg. One vessel will contain oxygen only; the other will contain 

the fuel mixture. This will comprise mixtures of hydrogen/methane/carbon monoxide 

and nitrogen as and when required. Specific gas mixtures and the oxygen supply will 

be prepared from individual gas cylinder packs using two separate Haskel booster 

pumps, Type 8AGD-30, and the mixtures quantified using partial pressures.  

The oxygen and the gas mixture will be injected directly into the exhaust stream and 

will rely on the injection process to ensure that the gases are fully mixed as quickly 
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as possible with the engine exhaust stream. The mass flow rates of the injected 

gasses are measured using individual coriolis mass flow meters and controlled by 

mass flow controllers, with the supply line pressures regulated using pressure 

regulators. Additional control and safety features are provided through the inclusion 

of stop valves, bursting discs and PRV’s.  

3.3.2 Assumptions 

It is assumed that the mass flow rate from the gas turbine will be variable from 15kg/s 

down to 5kg/s at idle (Greater mass flow rates to 18 kg/s are possible but for short 

periods only). The maximum v/v concentration of gas mixture to be injected will be 

15% and the minimum will be 4% v/v. In addition makeup oxygen can be injected at a 

rate sufficient to restore the oxygen levels in the exhaust stream to 21%. The gases 

injected are stored at ambient temperature and rely on the mixing process to heat 

them to the required operating temperatures of around 500°C. 

It is further assumed that a complete test, from opening the supply valve, achieving 

the set mass flow rate, igniting the gas mixture, and closing off the fuel and oxygen 

supplies will last no more than five seconds. Consequently the quantities of gases 

stored and subsequently released are based on this time. 

3.3.3 Calculations 

The heating of the unlagged duct by the engine exhaust gases has been calculated 

for an inlet gas temperature of 5500 C and a mass flow rate of 15 kg/s, as shown in 

Appendix 6. This shows that the duct will reach a steady state temperature in 

approximately 12 minutes from the start of the heating process, and reach a steady 

state temperature of 4520 C in this time. It also shows that the gas flow through the 

duct cools by 150 C during its passage along the duct. Calculations when the 

minimum mass flow rate is being used are also included in Appendix 6, which shows 

the longer heating time required for this case.   

Calculations of the maximum and minimum gas and oxygen flow rates required to 

give up to 15% v/v in the exhaust flows (15 to 1.25 kg/s) and replenish the oxygen 

level to 21% are shown in Appendix 7. The calculated values are as follows: - 

Oxygen: 1.12 - 0.09 kg/s.  Hydrogen: 0.2 – 0.016 kg/s.  Methane: 1.57 – 0.13 kg/s.  

Carbon monoxide: 2.74 – 0.23 kg/s.  The minimum flow rates will be no less than 

25% of these values, in order to reach the LFL of the fuels. The resolution of the 

measurements is expected to be about 0.5% of FSO, and the Emerson control 

system is designed to reach the desired steady flow rates within one second. If the 

maximum oxygen and fuel mixture are introduced at ambient temperature into the 

5000 C exhaust then the exhaust temperature may fall by approximately 1000 C once 

the gases are fully mixed. See also Appendix 7. 

Valves and piping have been sized in order to give acceptable pressure losses 

throughout the two systems (oxygen and the gas mixtures). A pressure of 

approximately 20 barg has been assumed as the pressure downstream of the flow 

controllers, between them and the injection points. The pipe sizes as specified in the 
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P&ID (see Figure 14) have been obtained on this basis and to minimise the pressure 

losses.   

If the mass flow rate from the system is 15 kg/s at 5000 C then the velocity of the flow 

will be 130 m/s. When the engine is idling at a mass flow rate of 5 kg/s and the 

majority of this flow is diverted out of the test section then the velocity reduces to 10 

m/s in the test section. The corresponding residence times in the duct are 0.1 to 1.2 

seconds and the Reynolds Numbers for the maximum and minimum flows are 

9.5X105 and 0.7X105 respectively, showing that the flows will be fully turbulent. 

Design of gas and oxygen injection and mixing systems: The design of these 

two systems is based upon the experimental results given in (4).  This paper provides 

an experimental correlation for both the centreline velocity and concentration decay 

for highly under-expanded gaseous jets as a function of downstream distance, 

pressure ratio and nozzle diameter.  

The axial velocity decay correlation parameter (Q) is :- 
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The axial concentration decay correlation parameter (C) is :- 
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choked conditions at the orifice exit, where for a sharp edged orifice or 

convergent/divergent nozzle M=1. 

Thus from graph (figure 3) in (4), Q = 15 for a velocity decay to 10%. Then assuming 

a stagnation pressure of 20 bar the downstream distance to this velocity is 993 mm 

for an orifice diameter of 2.5 mm. 

The equivalent concentration decay from graph (figure 4) in (4) is C = 15. This gives 

a distance of 652 mm for an orifice diameter of 2.5 mm. 

In all cases it is assumed that the jets decay at an angle of 7.5 degrees. Therefore at 

a distance of 1000 mm downstream, assuming a Gaussian profile, the width of the 

dispersing jets will be about 280 mm diameter. 

Using the maximum flow rates as specified previously it can be shown, by way of an 

example, that for the injection of hydrogen through a sharp edged orifice (CD=0.5) 

some 156 holes of 1.59 mm diameter are required. For CO and CH4 similar hole 

sizes are required. In the case of oxygen again some 156 holes are required of 1.89 

mm diameter. 
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It is intended to inject the gases through the spray tubes shown in Figure 6 and to 

inject these gases circumferentially across the duct in order to enhance the rate of 

mixing. It is also intended to inject the oxygen immediately before the gas mixture, 

thus allowing it to mix and cool the exhaust gases at about the same time as the gas 

mixture is injected. The spacing of the injection orifices will be such as to ensure that 

a constant mass flux across the whole of the cross-section of the duct is achieved. 

The injection process is currently the subject of a modelling study, using CFD, in 

order to ensure that the system design is satisfactory and that adequate mixing can 

be obtained. Design modifications to the injection system may therefore be made 

depending on the outcome from the modelling work.  

During the commissioning phase of the programme, the degree of mixing will be 

assessed using a fast response hydrocarbon gas analyser FID system, measured 

downstream of the injection points together with LDA measurements of the flow 

velocity and turbulence levels, the latter being used to characterise the flow. 

3.3.4 Implementation/ design 

The proposed installation is shown in the P&ID drawing as Figure 14. 

. 

3.4 Instrumentation  

The proposed circular duct test rig has been divided into four major components, the 

butane fuel system, the engine, the gas delivery system and the pipe (duct) section. 

The nominal locations and specifications of the required instrumentation are shown in 

Figure 15, which is a schematic layout of the engine and pipe sections, excluding the 

fuel and gas delivery systems.  

3.4.1 Engine Instrumentation 

The Engine section outlined in Figure 16 will be instrumented in three parts, the 

intake, the Viper Type 301 engine and the diffuser/transition. At the intake the mass 

flow rate of air entering the engine will be measured so that the correct mixture of 

gases can be injected downstream of the turbine. Additional exhaust mass flow 

measurements will be made at the exit of the duct but only when the diverter section 

is being used.  

To determine the air mass flow entering the engine a specially designed intake 

(based on methodology recommended by Rolls-Royce) is used. The intake features 

static pressure tapings at its throat and by measuring the static pressure during 

operation the mass flow can be inferred.  

Typically the mass flow rate is calculated via the following equation: 

 
)(2 TatmT PPAm

 ............................................ (3)
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Where, m  is the mass flow rate of air, AT is the effective flow area of the intake at 

the throat, ρ is the density of the air, Patm is the atmospheric pressure and PT is the 

static pressure in the intake at the throat.  

The atmospheric pressure will be measured by a Druck PTX1400 or equivalent 

absolute pressure transducer with a typical range of 800 mbar to 1200 mbar situated 

near to, but not on, the engine. The static pressure at the throat of the intake will also 

be measured by a Druck PTX 1400 or equivalent pressure transducer, but this 

sensor will measure gauge pressure with a maximum range 500 mbar below 

ambient. The density of the air is known, however it does vary with temperature, for 

this reason a PT100 platinum resistance thermometer such as an Omega RTD805/6 

will also be installed near the engine.  

At present the calibration curve to convert static pressure at the throat to mass flow 

has been obtained from CFD predictions; however for this experiment a more 

accurate calibration will be required. This will be done using the LDA system to 

measure the velocity profiles and together with temperature profiles, obtained 

separately, will be used to obtain the required mass flow rates and to calibrate the 

static pressure based measurements. 

Six engine parameters will be monitored to track the engine health when in use, the 

engine RPM, the butane fuel flow and pressure, the engine oil pressure, engine 

vibration levels and the compressor delivery pressure. A frequency generator on the 

engine will send a signal that is proportional to the engine RPM back to the control 

system where it will be interpreted. The butane mass flow rate will be monitored via a 

turbine flow meter located on the engine. It is envisaged that a flow meter from an 

existing Viper engine will be used following a recalibration, however if one cannot be 

sourced an equivalent 3rd party turbine or coriolis flow meter will be fitted to the fuel 

line. A Druck PTX1400 (or equivalent) pressure transducer with a maximum range of 

50 bar will be installed upstream of the flow meter for safety purposes; for example if 

the fuel pressure recorded falls outside of the operational limits an emergency 

shutdown of the engine will be triggered. Lastly two further Druck PTX1400 (or 

equivalent) pressure transducers with a maximum range of 10 barg will be fitted to 

the engine in order to monitor the oil and compressor delivery pressures. A 50g 

accelerometer will be used to monitor engine vibration. All of the necessary 

transducers will be acquired and fitted by SCITEK. 

The diverter and transition sections expand from an annular geometry immediately 

aft of the turbine through to a cylinder at the interface with the pipe section. The 

temperature of the gas exiting the turbine will be monitored to ensure the engine is 

not operated outside its safety constraints and for comparison with measurements 

made throughout the pipe section. Three K-type thermocouples with a maximum 

temperature rating of 1100 °C will be purchased by SCITEK and inserted into the air 

stream through equally spaced ports around the circumference of the turbine diffuser.  

The engine control system will monitor all of the parameters described here. If, for 

example, an over temperature in the exhaust or an overspeed in the engine RPM is 



 

An agency of the Health and Safety Executive ISO 9001 Approved 

 ISO 14001 Approved 

 Investor In People 

 

22 

detected the control system will automatically cut the fuel supply to the engine. This 

is necessary in order to ensure the longevity of the engine and its safe operation. 

For more detailed information on the instrumentation planned for the engine section 

refer to Table 3-1.  

3.4.2 Butane Fuel System Instrumentation 

The Viper engine in the proposed circular duct test rig will be fuelled by an on-site 

butane supply. A large tank, with a water capacity of approximately 9000 L, will be 

situated 40 m away from the test site and the fuel pumped to the engine via two 

pumps. The amount of fuel remaining in the tank must be known during testing so a 

level sensor will be installed in the tank and the data recorded fed directly into the 

control system. The butane tank will be installed in accordance with the requirements 

given in (5) 

The two pumps feeding the Viper engine with butane are a boost pump and an 

engine pump. The boost pump, manufactured by M Pumps, circulates fuel around 

the supply system (see Section 3.5), rotating at a constant rate, thus a remotely 

operated on/off switch will be used to control it. The engine pump, manufactured by 

Hydra-Cell, will be fitted with a 3-phase inverter (supplied with the pump by Hydra-

Cell) so that varying the pump speed can control the flow of fuel into the engine. The 

pump RPM will be monitored remotely by the control system whilst in operation. 

Four remotely actuated ball valves will be fitted at various locations in the butane fuel 

system (see Section 3.5). Each ball valve will be ATEX rated and fitted with two 

ATEX rated limit switches that will return a signal to the control system when 

activated. This will allow for remote monitoring of the open/closed status of the valve. 

Finally, to ensure the safe operation of the butane fuel system, a Druck PTX1400 

ATEX rated pressure transducer will be installed between the boost pump and the 

engine pump (immediately before the shut off valve). With a range of 0 to 25 bar, this 

sensor will send a 4-20 mA signal to the control system allowing the system pressure 

to be monitored remotely. The signal from the pressure transducer will also be 

monitored by the emergency stop system, which will be activated if the fuel pressure 

falls outside of the pre-defined operational limits. 

For full details of the butane fuel system see Section 3.5. For more information 

regarding the instrumentation used in monitoring and controlling the fuel system see 

Table 3-2. 

3.4.3 Gas Delivery System Instrumentation 

Mixtures of Hydrogen, Oxygen, Methane and Carbon Monoxide gas will be injected 

into the engine exhaust stream between the turbine and the test duct. These gases 

will be obtained from standard pallets of the individual gases, which are at pressures 

up to 200 barg, depending on the particular gas. Gas mixtures will be prepared using 

a Haskel boost pump to supply individual gases to the storage vessels. The desired 

mixture concentrations will be obtained by measuring the partial pressures of the 
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gases as they are pumped into the 225 litre mixing vessel.  The mass flow rates of 

the fuel gas mixtures and separately the oxygen mass flow rates that are injected into 

the engine must be controlled to a high level of accuracy. This will be done using 

coriolis mass flow meters and with load cells under the supply reservoirs, to measure 

the flow rates. These will measure independently the mass flow rates whilst the 

former are linked to the pneumatically controlled flow control valves. The mass flow 

rates for each gas are not expected to exceed 0.2 kg/s for Hydrogen, 1.12 kg/s for 

Oxygen, 2.74 kg/s for Carbon Monoxide and 1.57 kg/s for Methane. If required a 

PT100 platinum resistance thermometer will accompany each flow controller 

(depending on type installed) so that the mass flow rate can be corrected for any 

changes in temperature. For further information on the instrumentation to be used for 

the gas delivery system refer to Table 3-3. 

The oxygen supply system will be cleaned in accordance with the requirements given 

in (6) 

3.4.4 Pipe Section Instrumentation 

The pipe section of the rig consists of four 3.0 m long tubes that are flanged together. 

Each tube will have two sets of six diametrically opposed 3/4” BSP ports aligned 

along the length of each tube section and spaced 500 mm apart, with the first and 

last ports 250 mm from each end (see Figure 2). There are a total of 48 such ports 

along the total length of the tube. These ports will allow a number of different 

measurements to be made when the rig is operational.  

In order to ensure that the rig is at the temperature desired for the deflagration and 

detonation propensity experiments, the gas temperature immediately adjacent to the 

wall must be monitored. Eight K-type thermocouples, sheathed in a tube of 

approximately 3 mm diameter and up to 30 cm in length, will be fitted into a number 

of the 3/4” ports so that the tip of the sensor is sampling the air temperature within 5 

mm of the inner wall surface. The long length of the sheath enables temperature 

measurements further into the tube to be made if desired. SCITEK will arrange for 

the purchase of these thermocouples. 

Flames produced as a result of igniting the fuel mixtures will be detected using both 

ionisation and UV optical probes as the primary means of detection. It is expected 

that up to twenty four ionisation probes and eight optical probes will be used at any 

one time. These probes will be obtained and tested by HSL. 

If a high velocity deflagration or a detonation occurs within the pipe it is likely that a 

shock wave will travel along its length. By fitting a series of pressure transducers in 

selected 3/4” ports, the magnitude and velocity of the expansion wave behind the 

shock wave can be determined. The sensors required for these dynamic 

measurements must also be able to measure the static pressure to reasonable 

accuracy within a hot environment (~500° C). Eight Kulite XTEH-10L pressure 

transducers have been acquired for this purpose. These have a natural frequency of 

50 kHz at 50 bar maximum range, the Kulite will measure short transient peaks down 

to 10 µs. In addition a very rapid response PCB supplied pressure transducer has 
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been acquired together with a cooling jacket. Although not intended for use at the 

constant high temperatures being used, it is hoped that it can be made to operate in 

this environment, and thereby measure the extremely short duration peak pressure 

across the shock front that will precede the expansion wave of the flame front.    

The flow from the exhaust of the Viper engine is required to spread evenly and flow 

uniformly through the tube. In order to confirm this, the flow will be characterised by 

inserting a combined Pitot tube and temperature rake into the flow stream. The rake, 

approximately 600 mm long, will enable the temperature and flow velocity across the 

diameter of the tube to be measured. Temperature measurements throughout the 

flow will be made using eight small ‘K’-type thermocouples suitably spaced along the 

rake. Likewise the pitot pressure will be measured at eight locations along the rake. 

The flow velocity is then inferred from the difference between the head recorded at 

each transducer and the static pressure measured by the Kulite sensor in a 

neighbouring port. This rake will be manufactured by SCITEK. 

A larger port approximately 80 mm in diameter will be located 500 mm from the front 

of each tube segment at 90° to the smaller 1” ports. This 80 mm port will take an 

optical window, which will be fitted when performing flow characterisation 

experiments using a Laser Doppler Anemometer (LDA). The LDA crosses two beams 

of collimated, monochromatic, and coherent laser light in the flow of the fluid being 

measured. The two beams are usually obtained by splitting a single beam, thus 

ensuring coherence between the two. The transmitting optics focuses the beams to 

intersect at their waists (the focal point of a laser beam), where they interfere and 

generate a set of straight fringes. As particles (either naturally occurring or introduced 

using seeding generators) entrained in the fluid pass through the fringes, they scatter 

(reflect/refract) light that is then collected by the receiving optics and focused on a 

photodetector (typically a photo-multiplier tube). The particles are small, typically less 

than 3 microns, so that they can follow the air flow accurately. 

As the particle travels through the fringe pattern (fringe spacing usually around 14 

microns) a series of scattered light pulses are seen by the receiving optics. The 

period of these pulses represents the time taken for a particle to cross two fringes. As 

the fringe spacing is very accurately known the velocity of each particle can be 

calculated. The calculated velocity represents the component of particle velocity 

which lies in the plane of the two laser beams. By using lasers that produce more 

than one wavelength (colour) and by arranging the fringe pattern produced to be 

perpendicular to each other all three flow velocity components can be simultaneously 

measured. For the tests to be carried out in this project a ‘Dantec’ two-component 

LDA system will be used to measure the axial and tangential component of the flow. 

The radial component of the flow will not be measured but it is assumed that it will 

not vary. By measuring thousands of particles the average velocity and the turbulent 

intensity of the flow can be calculated at a single point.  

The SCITEK LDA is a two component Dantec Dynamics system making use of an 

Argon-ion laser producing two wavelengths (Green and Blue) to measure each 

component. The processor is a modern FFT processor capable of measuring 

http://en.wikipedia.org/wiki/Collimated_light
http://en.wikipedia.org/wiki/Monochromatic_light
http://en.wikipedia.org/wiki/Coherence_(physics)
http://en.wikipedia.org/wiki/Photodetector
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100,000 particles per second for each component. The system is capable of 

measuring flow velocities from near zero to supersonic speeds, so it is well suited to 

the current project. 

A Protech Automotive, IBEX exhaust gas analyser will also be provided in order to 

measure the exhaust gas composition from the engine. This will be used mainly 

during the commissioning phase of the programme, however, some measurements 

will also be undertaking during the testing phase of the programme in order to check 

that the exhaust gas composition has remained constant.    

For further information on the instrumentation required for the pipe section of the rig 

refer to Table 3-4. 
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Section Sub-

Section 

Measurement Instrument Type Range Signal Quantity 

Engine Intake Air mass flow rate Absolute pressure 

transducer 

Druck PTX1400 (or equivalent) 0.8 to 1.2 bar 4 - 20 mA 1 

Air mass flow rate Gauge pressure 

transducer 

Druck PTX1400 (or equivalent) 0.5 bar max. 4 - 20 mA 1 

Air mass flow rate PT 100 thermometer Omega RTD 805/6 (or 

equivalent) 

230 °C max. Conditioned 1 

Air mass flow rate Five hole probe Unknown 2/7/12 Unknown Unknown 1 

Engine Engine RPM Frequency generator Unknown Unknown Unknown 1 

Vibration monitor 50G accelerometer Unknown 0-50G Unknown 1 

Fuel flow rate Turbine flow meter Unknown 2/7/12 – Possibly 

Viper 

Unknown Unknown 1 

Fuel pressure Gauge pressure 

transducer 

Druck PTX1400 (or equivalent) 50 bar max. 4 - 20 mA 1 

Compressor 

pressure 

Gauge pressure 

transducer 

Druck PTX1400 (or equivalent) 10 bar max. 4 - 20 mA 1 

Oil pressure Gauge pressure 

transducer 

Druck PTX1400 (or equivalent) 10 bar max. 4 - 20 mA 1 

Diffuser Exhaust 

temperature 

K-Type Thermocouple K-Type sheathed 3 mm 1100 °C 

max. 

Conditioned 3 

Table 3-1 Engine instrumentation list for the proposed circular duct test rig 
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Section Sub-

Section 

Measurement Instrument Type Range Signal Quantity 

Butane fuel 

delivery 

system 

Fuel lines Boost pump status On/Off On/Off - Unknown 1 

Engine pump RPM Inverter Hydra-Cell 3 phase inverter Unknown 4-20 mA 1 

Valve On/Off Remotely actuated valve ATEX  ball valve with positioning Unknown Unknown 4 

Fuel pressure Gauge pressure 

transducer 

Druck PTX1400 (or equivalent) 20 bar max. 4 - 20 mA 1 

Storage 

tank 

Fuel level Level sensor Unknown 2/7/12 Unknown Unknown 1 

Table 3-2 Butane fuel system instrumentation list for the proposed circular duct test rig 

 

Section Sub-

Section 

Measurement Instrument Type Range Signal Quantity 

Gas delivery 

system 

Gas flow H2 mass flow rate Mass flow controller Emerson Type: 0.20 kg/s 

max. 

Unknown 1 

CO mass flow rate Mass flow controller Emerson Type: 2.74 kg/s 

max. 

Unknown 1 

O2 mass flow rate Mass flow controller Emerson Type: 1.12 kg/s 

max. 

Unknown 1 

CH4 mass flow rate Mass flow controller Emerson Type: 1.57 kg/s 

max. 

Unknown 1 

Gas line 

temperature 

PT100 thermometer Omega PT100 230 °C max. Conditioned 5 

Table 3-3 Gas delivery system instrumentation list for the proposed circular duct test rig 
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Section Sub-Section Measurement Instrument Type Range Signal Quantity 

Pipe Gas Flame detection Optical/Ionisation probes In house design and 

manufacture. Imperial  Advised 

Unknown Unknown 8 + 24 

Gas composition Exhaust Gas Analyzer Protech – IPEX Analyzer. 1ppm to 

100% 

Unknown 1 

Flow Turbulence LDA System Dantec 2D 10
6
 

particles/s 

N/A 1 

Free stream 

velocity (Mass 

flow rates) 

Pressure rake Array of 8 pressure transducers 10 bar max. 4 - 20 mA 1 

Temperature Boundary layer T Thermocouple K-Type sheathed 3 mm 1100 °C 

max. 

Conditioned 8 

Free stream T Thermocouple rake Array of 8 K-Type 

thermocouples 

750 °C max. Conditioned 1 

Pressure Dynamic and 

static 

Water cooled transducers Kulite XTEH-10L-180(m) and 

PCB Fast response sensor. 

50 bar max. 

 

4 - 20 mA 8 

Table 3-4 Pipe section instrumentation list for the proposed circular duct test rig
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3.5 Rig location and Enclosure 

3.5.1 Description 

The test rig will be situated near the 50-metre pad at the Turncliff Farm site and will 

be sited on an existing concrete pad whose dimensions are 32m x 3.2m x 0.375m. 

An extension to the pad has been laid to accommodate the gas delivery systems. 

The engine will be enclosed by concrete block walls on two sides with a blast wall 

separating it from the tube section and a blast roof to prevent missiles in the event of 

engine failure. 

The instrumentation within the tube section of the rig will be protected from the 

elements by an agricultural style steel framed shed 

Further concrete block walls will be located around the gas delivery systems to give 

further protection from missiles in the event of physical failure of the rig and to 

provide separation between the mixed gas and oxygen feed systems. 

A layout of the rig showing a cutaway of the rig enclosure is shown in Figure 3 
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4 References, Codes and Standards 

 

1) Commissioning Plan. HSL WP2 task 2 Test Rig. 19th March 2013. 

2) ASME B31-3 Pressure Piping code and ASME B16-5 Flange Code. 

3) Pressure Equipment Regulations 97/23/EC. 

4) “Jets discharging to atmosphere.”  K. Moodie & B.C.R. Ewan.  J. Loss 

Prev. Process Ind. 1990. Vol 3. January. 

5) UKLPG Codes of Practice for the Installation and siting of butane tanks, 

associated pipework, valves and safety devices. 

6) European Industrial Gases Association document IGC 33/97/E ‘Cleaning 

of equipment for oxygen service’ 
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5 Figures 

 

Figure 1 General arrangement drawing of test rig. 
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Figure 2 Tube section G.A. 
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Figure 3 Cut-away view of rig and engine showing blast enclosure 
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Figure 4 Interface section 
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Figure 5 Layout of exhaust ducts from diverter 
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Figure 6 Injection Tubes G.A. 
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Figure 7 Turbulence generator 
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Figure 8 Anchor frame. 
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Figure 9 Probe fitting. 



 

An agency of the Health and Safety Executive ISO 9001 Approved 

 ISO 14001 Approved 

 Investor In People 

40 

 

Figure 10 General instrument fitting 
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Figure 11 Cradle for supporting the tubes. 
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Figure 12 Viper engine SN301023 before undergoing conversion to butane. 
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Figure 13 P&ID for butane fuel supply system 
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Figure 14 P&ID of Gas Delivery System 
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Figure 15 Representative diagram of the proposed circular duct test rig 

 

 

 

Figure 16 Representative diagram of the proposed engine section of the 

circular duct test rig 
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Figure 17 Representative diagram of a segment of the proposed pipe  

section of the circular duct test rig 

 

 

 

Figure 18 Schematic diagram of a Laser Doppler Anemometry System 

 



 

An agency of the Health and Safety Executive ISO 9001 Approved 

 ISO 14001 Approved 

 Investor In People 

47 

  

Figure 19 Location of proposed test site at HSL, Buxton relative to main 

buildings and with exclusion zones marked 
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Figure 20 Proposed test site 
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Figure 21 Plan of proposed test rig site showing location of butane tank 

and service trenches 
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6 Instrument Datasheets 
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7  Appendices 

 

Appendix 1 .................................. Tube structural strength calculations (separate document) 

Appendix 2 ....................... BAE systems report re: maximum pressures (separate document) 

Appendix 3 ............................................................... G Munday report (separate document) 

Appendix 4 ............................. Design calculations for interface section (separate document) 

Appendix 5 .................................. Design calculations for anchor points (separate document) 

Appendix 6 ...................... Calculation of duct wall and duct gas temperatures during heat-up 

Appendix 7 ...................................................................... Gas turbine mass flow calculation 

Appendix 8 ..................... Design calculations for engine blast enclosure (separate document) 
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Appendix 6 Calculation of duct wall and duct gas temperatures during 
heat-up 

The calculation of the duct system transient due to the passage of the gas turbine 

exhaust is estimated in order to determine the timescale for duct heating to a target 

level, the influence of duct heating and heat loss on the downstream gas temperature 

and whether or not duct external insulation should be applied. 

Method 

*  The duct is divided into short lengths (0.1m) over the full 12m length. 

* Heat transfer coefficients are estimated for the heat transfer to the steel 

surface from the bulk  flow and heat loss from the steel surface due to radiation and 

natural convection at the outer surface. The heat transfer coefficient through the steel 

wall is ignored since this is large compared to the coefficient for external cooling. 

* The time domain is divided into 60 sec increments 

*  At each time step, and for each specific section length, the heat transferred 

from the gas to the surface is calculated based on the adjacent gas volume for each 

section and the associated wall surface temperature at the same location. At each 

corresponding location, the heat loss from the outer surface is also calculated. 

* The net heat accumulated in the surface steel section is used to update the 

surface temperature at each section location and the heat transferred from the gas is 

used to calculate the gas temperature at the adjacent downstream section. 

* The process is repeated for the next time step using the updated values for 

surface and gas temperatures along the duct. 

* The calculation is started with the wall at 298 K along the full length. The gas 

entry temperature is taken as 823 K. 

Heat transfer coefficients 

For the heat transferred from the gas (Tgas) to the wall (Ts) for each section area (A) 

 Q1 = h1 x (Tgas - Ts) x A 

Where    and   

kh  =  duct gas thermal conductivity under hot conditions 

Nu1  =  Nusselt number 

Re  =  Reynolds number 

Pr  =  Prandtl number (taken as 0.7) 
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D  = duct diameter (taken as 0.6 m) 

 

The gas velocity is calculated from the specified mass flow rate of 15 kg/s and the 

inlet gas temperature. This is estimated as 133 m/s. The Reynolds number is 

estimated as 9.5 x 105.  

With the above values, Nu = 1210 and h1 = 101 W/m2 K. 

For heat loss from the external wall, the two contributions are radiation and natural 

convection. 

For radiation loss : 

  

 Where:    =  emissivity (taken as 0.25) 

  = Stefan-Boltzmann constant 

 Ts = duct wall temperature 

 Ta = environment temperature (taken as 298 K) 

For natural convection loss 

  

where    and   

Where   Ra = Rayleigh number    

and kc  =  duct gas thermal conductivity under ambient conditions 

 g = 9.81 m/s2 

  = 0.0025 K-1  

  = thermal diffusivity for air (taken as 3.28 x 10-5 m2/s) 

  = kinematic viscosity for air (taken as 2.28 x 10-5 m2/s) 

The results are given in the two graphs below for duct temperature along its length at 

a range of time steps and similarly for the exhaust gas. 



 

An agency of the Health and Safety Executive ISO 9001 Approved 

 ISO 14001 Approved 

 Investor In People 

58 

It can be seen that, over a period of 12 minutes, the duct entry temperature rises to 

725 K and the exit temperature is around 705 K. 

For the gas, the entrance temperature is always 823 K and after 12 minutes, the gas 

exit temperature has risen to 808 K, from an initial exit value of 750 K. 

 

 

 

  



 

An agency of the Health and Safety Executive ISO 9001 Approved 

 ISO 14001 Approved 

 Investor In People 

59 

0 2 4 6 8 10 12

350

400

450

500

550

600

650

700

750

Duct position - m

W
a
ll
 t

e
m

p
e
ra

tu
re

 -
 K

240 sec

120 sec

180 sec

60 sec

300 sec

360 sec

420 sec

480 sec

540 sec

600 sec

660 sec

720 sec

Gas flow rate = 15 kg/s Duct wall temperature vs time



 

An agency of the Health and Safety Executive ISO 9001 Approved 

 ISO 14001 Approved 

 Investor In People 

60 

 

0 2 4 6 8 10 12

740

750

760

770

780

790

800

810

820

830

Duct position - m

W
a
ll

 t
e
m

p
e
ra

tu
re

 -
 K

240 sec

120 sec

180 sec

60 sec

300 sec

360 sec

420 sec

480 sec
540 sec
600 sec
660 sec
720 sec

Duct gas temperature vs time

(Gas flow rate =15 kg/s)



 

An agency of the Health and Safety Executive ISO 9001 Approved 

 ISO 14001 Approved 

 Investor In People 

61 

 

0 2 4 6 8 10 12

300

325

350

375

400

425

450

Duct position - m

W
a
ll

 t
e
m

p
e
ra

tu
re

 -
 K

240 sec

120 sec

180 sec

60 sec

300 sec

360 sec

420 sec

480 sec

540 sec

600 sec

660 sec

720 sec

Duct wall temperature vs time

(Gas flow rate =1.25 kg/s)



 

An agency of the Health and Safety Executive ISO 9001 Approved 

 ISO 14001 Approved 

 Investor In People 

62 

0 2 4 6 8 10 12

700

710

720

730

740

750

760

770

780

790

800

810

820

830

Duct position - m

W
a
ll

 t
e
m

p
e
ra

tu
re

 -
 K

240 sec

60 sec

480 sec

720 sec

Duct gas temperature vs time

(Gas flow rate =1.25 kg/s)



 

An agency of the Health and Safety Executive ISO 9001 Approved 

 ISO 14001 Approved 

 Investor In People 

63 

 

0 2 4 6 8 10 12

300

325

350

375

400

425

450

Duct position - m

W
a
ll
 t

e
m

p
e
ra

tu
re

 -
 K

240 sec

120 sec

180 sec

60 sec

300 sec

360 sec

420 sec

480 sec

540 sec

600 sec

660 sec

720 sec

Duct wall temperature vs time
(Gas flow rate =1.25 kg/s, duct insulated)



 

An agency of the Health and Safety Executive ISO 9001 Approved 

 ISO 14001 Approved 

 Investor In People 

64 

0 2 4 6 8 10 12

700

710

720

730

740

750

760

770

780

790

800

810

820

830

Duct position - m

W
a
ll
 t

e
m

p
e
ra

tu
re

 -
 K

240 sec

60 sec

480 sec

720 sec

Duct gas temperature vs time

(Gas flow rate =1.25 kg/s, duct insulated)



 

An agency of the Health and Safety Executive ISO 9001 Approved 

 ISO 14001 Approved 

 Investor In People 

65 

 

Appendix 7 Gas turbine mass flow calculations 

 

Define the following variables : 

mex  = mass flowrate of exhaust. -  specify this 
Mex  = molecular weight of exhaust -  calculated 
Mf  = molecular weight of fuel -  calculated 
FCO  = mole fraction of CO in fuel mixture - specify this 
FH2  = mole fraction of H2 in fuel mixture - specify this 
FCH4  = mole fraction of CH4 in fuel mixture - specify this 
Ff  = mole fraction of fuel in exhaust - specify this 
FEXO2  = mole fraction of oxygen in exhaust - given as 0.15718 
mO2  = mass flowrate of additional oxygen 
MO2  = molecular weight of oxygen 
mf  = mass flowrate of fuel 
mex/Mex = molar flowrate of exhaust 
mf/Mf  = molar flowrate of fuel 

 

Additional oxygen molar flow rate required to bring concentration in exhaust up to 

0.21 mole fraction is calculated from : 

0.21 = (oxygen from exhaust + additional oxygen)/(exhaust + oxygen) 

 

Rearrange to give (1) : 

  

Mole fraction of fuel in exhaust calculated from the flowrates of fuel and modified 

exhaust flow: 

 

 

Rearrange to give (2):- 
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Equations 1 and 2 are mass flow rates of additional oxygen and fuel - calculated by  

spreadsheet. 

Calculation of temperature reduction due to injection of oxygen and fuel 

mixture. 

The reduction in exhaust gas temperature is estimated to be 96 deg.C from a set 

point of 500 deg.C this is calculated as follows :- Using the following specific heat 

values; Cp air = 1.005, Cp hydrogen = 14.3. Cp oxygen = 0.91. Maximum mass flow 

rates are hydrogen 0.2 kg/s, oxygen 1.12 kg/s and combustion products (air) 15 kg/s. 

Injection temperature 20 deg.C. 

Thus:- 14.3x0.2x(x-20) + 0.91X1.12X(x-20) = 1.005X15X(500-x). Where x is the new 

temperature after injecting fuel and oxygen. Thus x = 404 deg.C.  

This assumes that the gases are injected at an ambient temperature of 200 C.  

 


