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ABSTRACT 

An experimental facility is described for testing a twin-entry, radial 

flow, turbocharger turbine under both steady and unsteady flow 

conditions using an eddy-current dynamometer. 

Results are presented for the flow and efficiency characteristics of the 

turbine under steady flow conditions including both full and partial 

admission. The efficiency of the turbine under partial admission was a 

strong function of the ratio of mass flows through each of the turbine 

entries. When the mass flow ratio was 1.5 - 2,0, the efficiency of the 

turbine was up to 5% higher than under full admission. With one entry 

blocked, the efficiency fell by 10 - 12%. 

Results are also presented under unsteady flow conditions for the flow 

and efficiency characteristics of the turbine with full admission, and 

the flow characteristics only with partial admission. The results show 

that the instantaneous operating point of the turbine deviated from the 

quasi-steady assumption during flow transients. The flow capacity under 

accelerating flow was greater than that under identical steady flow 

conditions. Under decelerating flow, the flow capacity was smaller than 

that given by the quasi-steady assumption. Under accelerating flow, the 

deviation in turbine efficiency was less than 2%. Under decelerating 

flow, the maximum deviation was a loss of 11%. 

The steady flow results under full and partial admission were combined 

with a diesel engine performance prediction program, and compared with 

experimental results from an engine fitted with a twin-entry turbine. 

By including the effect of partial admission in the model, the 

prediction of engine exhaust manifold pressure was significantly 

improved. 
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NOTATION 

2 

A Flow area, m 

A Constants in King's law. = A + B(^g.u)" 

B Constants in King's law. " 

B.M.E.P. Brake mean effective pressure, bar 

c Velocity of fluid, m/s 

C The velocity equivalent to the total to static isentropic 

enthalpy drop across the turbine, m/s 

°C Degrees Celsius 

Cp Specific heat at constant pressure of gas, J/kg.°K 

d Diameter of hot wire filament, m 

D Turbine rotor diameter, m 

f Pulsation frequency, Hz 

f( ) Functional relationship 

F Reference clock frequency, Hz 

F.M.E.P. Friction mean effective pressure, bar 
2 

h Convective heat transfer co-efficient of fluid, W/m .°K 

Ho Hodgson number, Vol . pd 

qv/f p 
2 

I Rotating group inertia, kg.m 

I.M.E.P. Indicated mean effective pressure, bar 

kg Thermal conductivity of gas, W/m.°K 

K The ratio of the true mass flow through the duct to that 

deduced by a single point measurement in the duct 

°K Degrees Kelvin. (Non-standard) 

1 Length of hot wire filament, m 

L Height of duct, m 

m Wall roughness (BS1042. section 2.1, 1983 Annex F) 

m Mass flow rate, kg/s 

n King's law exponent 

N Rotational speed, rad /s 

N^ Number of teeth 

Nu Nusselt number, h.d 'g 2 
Absolute static pressure after the orifice plate, N/m 
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pd Time mean pressure drop between the pulsation source and the 
2 

air supply source, N/m 
2 

P Pressure, N/m 

Pr Prandlt number, Cp.p^ 

PR Energy mean total to static turbine pressure ratio 

P.T.E. Pseudo twin-entry turbine model 

qv Time mean volume flow rate (unsteady flow), m^/s 

^^rms T^he r.m.s value of the fluctuating component of the flow rate 

(unsteady flow), m^/s 

r ± relative error limits 

R Gas constant of fluid, J/kg.°K 

Re Reynolds number, ^g.u.d 

t Time, s 

T Temperature, °K 

Shaft torque from the turbine, N.m 

T.E. Twin-entry turbine model 

u Local velocity of gas, m/s 

U Turbine rotor tip speed, m/s 

V Output voltage, volts 

Vol Volume of all the pipework in the test facility between the 
3 

pulse generator and the orifice plate, m 

w Pulsation frequency, Hz 

W Width of duct, m 

W Electrical power. Watts 

X General spatial variable, m 

X Undefined general variable for use in examples 

y General spatial variable, m 

z Distance from duct wall to first measured point, m 

X Ratio of specific heats of fluid 

A , S Small change in the variable across the process or interval 

Y Efficiency of the turbine 

0 Angular displacement, rads 

\ Cyclic period, s 

u Dynamic viscosity of the fluid, kg/m.s 
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7T Arithmetic mean turbine pressure ratio. 

^ Density of the fluid, kg/m^ 

^ Undefined general variable for use in examples 

Y The maximum allowable relative error in the 

indicated orifice plate flow rate due to unsteady flow 

SUBSCRIPTS/SUPERSCRIPTS 

a,A Variable defined with respect to turbine entry A (twin-entry) 

b,B Variable defined with respect to turbine entry B (twin-entry) 

central A value based on a measurement taken at the centre of the 

turbine inlet duct 

duct Variable defined with respect to the turbine inlet duct 

fa Full admission 

g Gas 

i Variable defined generally or instantaneously with time 

m Mean of variable 

max Maximum value of variable 

min Minimum value of variable 

pa Partial admission 

rms The root of the mean of the squares of the variable over the 

cycle 

s Variable defined across an isentropic process 

ts,t-s Variable defined across a process from initial total 

conditions to final static conditions 

tt Variable defined across a process from initial total or 

stagnation conditions to final total or stagnation conditions 

w Wire 

X General spatial variable 

z Distance from the duct wall to nearest measured point 

0 Variable defined at total or stagnation conditions 

1 Variable defined at plane 1 conditions (turbine inlet) 

2 Variable defined at plane 2 conditions (turbine exit) 

/ The perturbation component of the variable about the mean 

value 

First differential with respect to time 

Second differential with respect to time 

~ Mean of the variable over the interval 
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CHAPTER 1 

INTRODUCTION 

1.1 INTRODUCTION 

Turbochargers and turbocharged engines have been operating commercially 

since-1925 and have become a major force in the world markets today of 

marine, industrial, automotive and military prime movers. Many 

turbochargers fitted by engine manufacturers are not manufactured by 

themselves but supplied by a small number of specialist companies. 

These companies and the larger engine manufacturers have continuously 

reported and published literature on the principle and advantages 

turbocharging offers. Their activities have promoted research to 

advance the understanding of the complex interaction between 

turbocharger and engine. 

Turbocharged high-speed diesel engines represent a large proportion of 

the market share of the specialist turbocharger manufacturer. 

Manufacturers of high-speed diesels have pursued a competitive spiral of 

improving "performance", and identifying shortcomings both in 

understanding and testing of turbochargers and turbocharged engines. 

This thesis addresses one particular facet of turbocharging which has 

developed directly from the application of turbochargers to this type of 

engine. 

Development of the exhaust manifold system for high-speed turbocharged 

automotive diesel engines presented the designer with a number of 

difficult compromises. A popular solution for this type of engine was 

to adopt a "pulse" type of exhaust manifold to maximise the utilisation 

of exhaust gas energy by the turbine. These manifolds were short with 

the cylinder exhaust flows arranged into appropriate groups to counter 

any pressure interference between exhausting cylinders which leads to a 

detrimental pressure differential across one cylinder during scavenging. 
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When applied successfully, the benefits to the engine of improved low 

speed torque, transient response, higher part load efficiency and 

potentially improved emissions quickly promoted continued development of 

the pulse divided exhaust manifold system. By continuing the separation 

of the cylinder groups onward from the exhaust manifold into the turbine 

housing, (only allowing mixing just before the rotor), exhaust pressure 

interference was reduced further. The detrimental effect of the 

interaction of exhausting cylinders on each other was referred to as 

exhaust pressure interference, or as exhaust pulse interaction, or 

simply interaction. 

The turbine housings offered for multi-cylinder engines were of two 

entries (or more) to continue the separation through to the turbine 

rotor, the turbochargers being described as divided or twin-entry. 

Whilst experimental evidence had conclusively highlighted the advantage 

of twin-entry turbines, an understanding of the flow and efficiency 

characteristics of these turbines was not available. 

The use of multi-entry turbines brought a new flow regime to prominence. 

Partial admission is a term describing a condition that exists only in 

multi-entry turbines. It occurs when the turbine entries are not 

flowing the same mass flow. This condition, (of uneven flow through the 

turbine inlets), occurs for the majority of the time in engines 

turbocharged with a twin-entry turbine where the two exhaust manifold 

groups intentionally contain cylinders exhausting out of phase. It can 

result in 'dead' periods, where one entry momentarily has no flow and 

the turbine is said to be 'windmi11ing'. During partial admission 

periods, the deterioration in the performance of the turbine was found 

to be important. 

Considerable testing expertise had been concentrated on testing the 

conventional single entry turbocharger turbine, but this had also 

revealed shortcomings in testing. In 1952, a contract was placed 

between Ricardo and Co. and the Directorate of Industrial Gas Turbines 

for a research programme into small inward flow radial turbines. As a 

result of this work, Hiett and Johnson's paper (1)* was published in 

1963 and featured a purpose built turbine dynamometer capable of testing 

the turbine to an accuracy and over a range previously not possible. 
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Their results are frequently referred to but few followed the expensive 

complexity of a purpose built dynamometer, and expanded studies to 

answer other questions. How does a turbine work under unsteady flow, 

and how well does a multi-entry turbine work under partial admission? 

Unfortunately many results did not cover the range required to match 

turbocharger test results with engine operation, and attention was 

re-focused on the testing facility. 

This thesis attempts to quantify these two questions of unsteady flow 

and partial admission, but follows the lead of 1952 and adopts a purpose 

built turbine dynamometer to evaluate a commercially available 

twin-entry turbine. 

Additionally, engine performance prediction programs allowed the complex 

interaction between turbocharger and engine to be analysed separately. 

This thesis examines existing models for twin-entry turbines and 

forwards new models, examining the effect of these models on predicted 

engine performance. 

* numbers in parenthesis referred to references collated in Chapter 9, 
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1.2 SUMMARY OF OBJECTIVES 

i) To develop an experimental facility to test a commercially 

available twin-entry, radial flow, turbocharger turbine, utilising 

a dynamometer, under steady and unsteady flow conditions. 

ii) To use the facility of i) to obtain the flow and efficiency 

characteristics under both full and partial admission of the 

turbine over its full operating range when fitted to a diesel 

engine. 

iii) To repeat the measurements of ii) under unsteady flow conditions 

and assess the accuracy of the quasi-steady assumption for a 

twin-entry, radial flow, turbocharger turbine. 

iv) To apply the findings of ii) and iii) to an available diesel engine 

performance prediction program. To compare the results of the 

prediction with experimental data obtained from a high-speed, 

direct-injection diesel engine fitted with a twin-entry turbine. 
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1.3 NON-DIMENSIONAL ANALYSIS 

1.3.1 INTRODUCTION 

In order to completely represent the performance characteristics of a 

turbomachine in a form which allows comparison of basically similar 

machines operating over different inlet and exit conditions, dimensional 

analysis reveals groups of parameters that fully describe the machine's 

performance. These dimensionless groups allow comparisons to be made 

between models and reality and between one turbine design and another. 

Considering specifically the case of a radial turbocharger turbine, the 

independent variables are collected together to define the desired 

dependent parameters. 

^'^tt'^^^o ^^'^oi' '^oi'^oi' ' p) -(1-1) 

where the chosen dependent parameters are : 

m = mass flow rate through the turbine, kg/s. 

= efficiency of the turbine, from stagnation inlet 

conditions to stagnation outlet conditions. 

A T ^ = T^^ - T^^ , stagnation temperature drop across the 

turbine. Chosen to represent the power produced by 

the turbine, °K. 

1 = inlet conditions, 2 = outlet conditions, o = stagnation or 

total conditions. 

and the independent parameters are : 

- 2 

= Total or stagnation pressure at inlet plane, Nm" 

= Total or stagnation pressure at outlet plane, Nm"^ 

TQ^ = Total or stagnation temperature at inlet plane, °K 

N = Rotating speed, radians/s 

D = Turbine Rotor diameter, m 

R = Gas constant of fluid, J/kg/°K 

y = Ratio of specific heats of fluid 

u = Dynamic viscosity of fluid, kg/m/s 
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These can be reduced to a set of commonly employed non-dimensional 

groups, ref Dixon (2) or Watson and Janota (3) 

- ( 1 . 2 ) 

A relationship between-n AT^/T^^ and PQ^/PQ^ can be established for a 

perfect gas. ^ 

I 
t t " - ^ o - ' 1-y -(1.3) 

Toi C - ( P o i / P o a ) ' ^ 

making atQ/TQ^ a redundant group. 

An assumption which is discussed later is that m/p.D, the Reynolds 

number of the gas has little effect on the performance of the machine 

and can be ignored. Additionally the outlet condition can be redefined 

to a static condition, more appropriate to the study solely of the 

turbine rather than a turbine followed by an exhaust diffuser, ref. 

Harada et al (4). Similarly, if we are describing a known machine 

operating with a known gas, D, R and X are all specified. The above 

arguments reduce the groups to fewer variables but ones which possess 

dimension, unfortunately it is these groups that are most commonly 

employed: 

= f -(1.4) 

I 

In their correct dimensionless form, 

m K N 0 ' p.. \ -(1-5) 

P„, I O'l L 

When equations 1.4 and 1.5 are presented in the literature, two graphs 

are presented as all the information of the four non-dimensional 

variables is difficult to present clearly on one graph. One graph plots 

m V T /P versus P ,/P with lines of data at constant values of N/Jfl, 
01 01 01 a. 01 

, and is generally referred to as the turbine's 'swallowing capacity' 

graph, relating mass flow, pressure ratio and rotational speed. 
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The second graph presents the turbine's total to static efficiency, 

versus the U/C ratio again with lines of data at constant values of 

N/yr^i. Figure 1.1 presents examples of these graphs, U is the wheel 

tip speed of the radial turbine, C is the velocity equivalent to the 

isentropic enthalpy drop across the turbine. It can be shown that, ref 

Watson and Janota (3) : 

U/C = N . (D/2) ^ y _ -(1.6) 

/ l i M - To,( 1 - ) 
if-1 

{K W) P' J 

and is thus just a substitution for /P in the collection of 

non-dimensional groups. The appearance of U/C ratio as opposed to P^^/P 

has become the convention born originally out of a historical reference 

to presenting results from Pelton wheel turbines, but continued for its 

usefulness in aiding turbocharger matching and sizing. 

1.3.2 REYNOLDS NUMBER EFFECTS 

Two assumptions have been employed to reach equation (1.5), that the 

effect of both Reynolds number and ^ are negligible over the typical 

operating range of the turbine. These assumptions have been studied by 

several workers, Hiett and Johnson (1), Scrimshaw (5), Tindall (6), and 

Japiske (7), and have given rise to the Reynolds number being defined in 

different forms creating confusion and difficulties in comparison. 

Problems arose from an inability to separate Reynolds number effects 

from geometric size effects and blade clearance variations when 

comparing a series of geometrically scaled turbines. It is also not 

clear in the literature whether the effect of heat transfer was removed 

and true comparisons of adiabatic efficiency were presented. The 

conclusions were that the total effect of Reynolds number and size 

variations were indeed small and reports varied from 5% points to no 

change at all in efficiency. 
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An attempt was made to separate out the effects of size and Reynolds 

number, by Tindall (6). The report concluded that a change in volute 

boundary layer thickness was principally responsible for the change in 

non-dimensional flow (3.6%) and could be attributed to Reynolds number 

or size effect depending on the definition of Reynolds number. 

Similarly, at low flows the effects of tip clearance on the efficiency 

of the turbine become relatively stronger. 

Whilst confusion surrounded the effect of Reynolds number, that of X 

received no attention other than to be combined with Reynolds number 

when a given machine was tested at different inlet temperatures, the 

dynamic viscosity and X being both a function of temperature (1). 

Again, no conclusion solely about the effect of K could be reached other 

that its effect was included within that of the Reynolds number. 

A one-dimensional, inward flow, radial, turbine prediction program, ref 

Ziarati (8), Dale (9), available to the author, was run using geometric 

data from the turbocharger turbine to be studied at different inlet 

temperatures. Although the program was limited in accuracy, (a tendency 

to over-predict efficiency) a comparison between predicted values of the 

non-dimensional parameters at inlet temperatures of 400 and 900°K 

revealed less than a 1% change in non-dimensional flow or efficiency. 

This was despite a rise in Reynolds number, as defined earlier, of 

160% when inlet temperature was reduced from 900 to 400°K. The model 

took into account the effect of Reynolds number variations through 

friction passage loss correlations. 

One trend consistent amongst the literature was that the Reynolds 

number effect become smaller at higher Reynolds numbers, and thus a 

reduction in inlet temperature minimises the effect of Reynolds number 

variations. A correction due to Reynolds number effects has not been 

applied to the results presented in this thesis. 
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1.3.3 WARM AIR TESTING 

Turbocharger turbines operate over a range of inlet temperatures when 

installed on an internal combustion engine. Many manufacturers test the 

turbine under steady flow and at a representative constant inlet 

temperature of 900°K (or thereabouts) to simulate engine exhaust gas. 

Whilst this may not be a true representation of the flow leaving an 

engine's exhaust manifold, it does ensure the non-dimensional data has 

been obtained at a realistic mean operating condition. Testing at a 

lower inlet temperature (not too low to cause condensation problems) of 

400°K should not compromise the validity of the aerodynamic data by 

applying the arguments of non-dimensional analysis. This may in fact 

improve the accuracy of the experiment by reducing the potential for 

unaccounted heat transfer and thus deviation from the assumed adiabatic 

condition employed in the analysis. 

A change of inlet temperature from 900°K to 400°K has, from similarity 

through equation 1.5, reduced the rotational speed of the turbine by a 

factor of (J400/900) = 2/3, and increased the mass flow by a factor of 

1.5 at the same non-dimensional value. 

The power of the turbine has also fallen with the drop in inlet 

temperature, although torque is unaffected provided remains the 

same. 

1-y 

Torque = n . m . (XR/X-l) . (1 - ( P ^ / P j ^ ) -(1.7) 

^ N 

= P o , ' f J i w . ' ts (1 - (Po, 
N L p., " 

Power falls similarly by a factor of 2/3. This is to a first 

approximation, for a more rigorous comparison one has to take into 

account the change in R and with temperature and gas composition, ref 

Krieger and Borman (10). This can be considerable if comparisons of the 

same turbine are made between testing at 900°K with combustion products 

from a gas burner to testing at 400°K with electrically heated air. 
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(%'.R/y-l)gQQOK = 1.1813 ^ 900°K " 1.3214 

(Y.R/y-lj^OQOK = 1.0143 ^400°K " 1-3945 

Power now falls by factor of 0.571 

Summarising, the advantages of testing at a lower inlet temperature of 

400°K are; 

. Test speed is reduced by a factor of 0.667 

. The power produced by the turbine is reduced by a factor of 0.667 

to a first approximation. 

. Reynolds number is increased minimising its effect on the 

non-dimensional parameters. 

. Adiabatic efficiency is likely to be less in error at lower inlet 

temperatures due to reduced heat transfer between the gas and the 

surroundings. 

. Prototype testing of turbines manufactured in easily machinable, 

cheap, low melting point alloys is possible at the reduced mechanical 

and thermal stress levels. 

. The lower rotational speed simplifies the design of the high speed 

ball bearings in the dynamometer. 

. The lower inlet temperatures reduced the air heating power 

requirements. 

These advantages have resulted in some research turbocharger turbine 

test facilities adopting 'warm' air testing at temperatures between 350 

to 400°K, and one adopting a purpose built dynamometer. All the 

turbocharger turbine testing described in this thesis was conducted at a 

constant 400°K inlet air temperature. 
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1.4 LITERATURE SURVEY 

1.4.1 INTRODUCTION 

The literature survey presented in this section is concerned with the 

testing and performance of inward flow radial turbines which feature a 

twin-entry, vaneless or nozzleless inlet housing. 

The testing of twin-entry housings introduces a new dependent parameter 

into the non-dimensional analysis, the absolute pressure ratio between 

the two turbine inlets. Full admission results only cover the condition 

when this ratio is one. Partial admission results cover the flow 

conditions when this ratio is not one. 

When the testing is extended to unsteady flow of a twin-entry turbine, 

partial admission effects are still applicable. With the inlet 

pressures in each turbine entry in phase, as if the twin-entry turbine 

was a single entry type, the results reflect the effect of unsteady flow 

on full admission. With the inlet pressures out of phase, the results 

reflect the effect of unsteady flow on partial admission and full 

admission. There will be moments when the two inlet pressures are equal 

under unsteady flow and thus a full admission condition occurs. The 

literature survey concerning partial admission under steady flow appears 

in the first section, whilst the second section on unsteady flow covers 

both partial and full admission. 

There are two types of twin-entry turbocharger turbine housing, both are 

pictured in Figure 1.2. One is split circumferentially to admit flow to 

the turbine rotor through two circumferential inlets each of 180° arc 

width, often called a double entry housing. The second, and most 

popular today, is split on a radial plane, admitting flow through each 

inlet to the rotor through a full 360° arc and is simply called a twin-

entry housing. 

The circumferentially split housing often features a nozzle ring between 

housing outlet and turbine rotor inlet. This is a ring of guide vanes 

to direct the flow onto the rotor. The axially split type of turbine 
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housing does not feature such a ring. The lack of a nozzle ring in a 

turbocharger turbine gives a wider range of acceptable efficiencies with 

U/C ratio, but a lower peak efficiency, ref(71). This spread of 

efficiency produced favourable engine results with European engine 

manufacturers and as a consequence (coupled with other advantages) the 

twin-entry housing, split on a radial plane, is the more popular today. 

The majority of literature published on the testing of twin-entry 

turbines is unfortunately based around a circumferentially split housing 

fitted with a nozzle ring. The literature on the more popular 

nozzleless housing is principally focused on one paper, Pischinger and 

Wunsche (43), which formed the impetus for this study. Comment is made 

in this survey to reports concerning circumferentially split housings, 

though little work exists both under steady and unsteady flow. The 

presence of a nozzle ring to guide and control the flow path rather than 

simply a nozzleless turbine housing may prove to affect the partial 

admission characteristics of the turbine. 

A later separate section of this chapter discusses and reviews the 

background to the adoption of purpose built turbocharger turbine 

dynamometers. In its introduction, it reviews the current status of 

high-speed dynamometers and their advantages and disadvantages before 

concentrating on one particular type of dynamometer. This is then 

applied to the test turbine. All the other measurement requirements of 

flow, pressure and temperature are covered by conventional equipment and 

require no special review. 

1.4.2 TURBOCHARGER TURBINE TESTING 

1.4.2.1 STEADY FLOW TESTING OF TWIN-ENTRY NOZZLELESS RADIAL 

TURBOCHARGER TURBINES 

A survey of partial admission measurements in twin-entry turbine 

housings split on a radial plane reveals only one principal reference, 

Pischinger and Wunsche (43). All other references to partial admission, 

bar a minor part of Gimmler et al (11), refer to twin-entry housings 

split circumferentially. 
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The results presented in (43) indicate the substantial effect that 

partial admission has on the flow characteristics of the turbine. 

Figure 1.3 shows the results from various rotational speeds and pressure 

ratios on the flow through each entry as the pressure ratio between the 

entries, and exit, are changed. Full admission results lie on the line 

P^/P|^ = 1, where is the turbine inlet pressure at entry A and P|̂  is 

the inlet pressure at entry B. These points indicate the change in mass 

flow (through isentropic area)* of the turbine due to a change in 

pressure ratio at one rotational speed. The second graph shows the 

effect of speed at one mean turbine pressure ratio. These graphs show 

several important points 

The full admission points are approximately all at the intersection 

of the two isentropic flow area lines for a given mean turbine 

pressure ratio. This revealed that for the turbine used in (43), 

under full admission conditions, approximately half (47%) of the 

flow entered through one entry, the other half (53%) through the 

other entry. This is a popular assumption when modelling 

twin-entry housings, to halve the non-dimensional mass flow 

characteristic and apply this to each entry to calculate the flow 

through the turbine. 

Moving away from full admission to a partial admission condition, 

Figure 1.3 shows that this popular assumption becomes less 

appropriate, not only are the two flows not equal but the sum of 

the two flows is below that given by the assumption. Partial 

admission effects cannot be modelled by this assumption. 

The turbine tested in (43) displayed the particular feature of flowing 

equal flows under full-admission conditions through each turbine entry. 

This is not always the case and the author is aware of one commercial 

twin-entry turbine that exhibited 60% of the flow through one entry 

under full admission. 

* Isentropic area is defined as : 

m (measured mass flow) = (isentropic area) . , where 

and c are the isentropic density and velocity respectively deduced 

from the change in state across the turbine. 
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This imbalance was attributed by the company to the geometry of the 

twin-entry turbine housing. The two entries of the housing were not 

displaced symmetrically about the rotor inlet, but biased to the turbine 

exit side. One entry discharged purely radially into the rotor, whilst 

the other entry discharged at an angle of 60° to the turbine centre 

1 ine. 

Bringing together the results of Pischinger and Wunsche (43) and Gimmler 

et al (11) and two sets of commercial data, a summary of the results 

from partial admission flow characteristics can be presented. 

All these turbines show a degree of non-symmetrical flow behaviour 

between the two entries, i.e. each entry does not flow the same 

mass at the same entry/exit pressure ratio. The errors introduced 

by assuming symmetry can vary from 3 to 50% of mass flow. 

(Pischinger and Wunsche (43) = 1%). 

The total flow through the turbine is reduced due to the presence 

of a pressure difference between the two entries when compared with 

the full admission flow at the same mean pressure ratio. This 

reduction becomes larger as the pressure differential increases and 

may also be asymmetric. 

A popular modelling assumption for twin-entry housings is to model 

each housing as having a flow characteristic half of the full 

admission characteristic. This can over predict total mass flow by 

up to 20% e.g. ref (43) results. 

Figure 1.4 illustrates these points. 

When the effect of partial admission was considered by (43) on 

efficiency, two difficulties arose that have given difficulty to all 

previous workers and one later, (Benson and Scrimshaw (31), Wallace et 

al (32, 33, 34, 44), Farrashkhalrat and Baruah (41)). These were, the 

definition of U/C ratio under partial admission conditions and the 

effect of error in the results on the conclusions. Overall efficiency 

was determined from turbine power and isentropic work, defined by inlet 

and outlet conditions. 
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The question arose with C in the U/C ratio, which pressure ratio is used 

to calculate C ? The question of which temperature to employ was 

simplified in all the referenced works as they ran at a constant inlet 

temperature. (This would represent a difficulty on an engine exhaust 

driven test facility). Pischinger and Wunsche (43) used the mean of the 

two inlet pressure ratios, though many references avoid mentioning which 

definition they applied and comparisons were not possible. 

Figure 1.5 illustrates the results of (43). Efficiency is plotted 

against the ratio of the two inlet pressures for different values of 

mean pressure ratio. The fall in efficiency with rising mean pressure 

ratio (falling U/C) at full admission is evident in the peak efficiency 

points. However, whilst the abrupt fall in efficiency at low mean 

pressure ratios with increasing partial admission is displayed, high 

pressure ratios and high turbine speeds show little change with partial 

admission. Additionally, the maximum value of efficiency at any given 

speed and mean pressure ratio is not necessarily at full admission. 

Whilst the flow characteristics of (43) showed a symmetrical character, 

the efficiency characteristics did not. 

The results of figure 1.5 do not illustrate the degree of uncertainty 

that surround the efficiency measurements, a particularly sensitive 

parameter to accumulative error. The variation in efficiency in figure 

1.5 over the tested range was only ±1%. An assessment of accumulative 

measurement accuracy on efficiency revealed accuracies better than ±1% 

are practically difficult to obtain. 

A later reference, Farrashkhalrat et al (41), conducted a study of a 

twin-entry housing at one speed only, though it was not clear which type 

of twin-entry housing was employed. (41) was principally concerned with 

unsteady flow but required as data the steady flow characteristics under 

both full and partial admission. Rather than following (43) and 

employing the pressure ratio between the entries as a new parameter, 

(41) used the ratio of inlet mass flows. A consequence of this is that 

under full admission, the mass flow ratio may not be one when the inlet 

pressure ratio between entries is one. 
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Farrashkhalrat et al (41) presented results of efficiency that showed 

higher overall efficiencies at a mass flow ratio of 0.2 than at 1.0 over 

the tested range. Unfortunately, the definition of efficiency employed 

assumed complete recovery of exit kinetic energy within the turbine 

which gave unusually high efficiencies. Similarly, the definition of 

U/C was not clear showing peak efficiencies occurring at U/C = 0.9. 

(43) also contained a reference to circumferentially split twin-entry 

housings and highlighted some important differences between the two 

types. The circumferentially split housing's mass flow characteristics 

were less affected under partial admission conditions. At a fixed 

pressure ratio between one inlet and exit, as the pressure in the second 

inlet was changed, the flow through the first inlet was less affected 

with a circumferentially split housing than with one split on a radial 

plane. However, the reverse was true when efficiency was considered. 

Again considering a fixed pressure ratio between one inlet and exit, as 

the pressure in the second inlet was changed, the overall turbine 

efficiency fell substantially with a circumferentially split housing but 

remained approximately constant with a twin-entry housing split on a 

radial plane. Figure 1.6 shows the original results from (43). The 

consequence of the twin-entry housing's efficiency characteristics on an 

engine, particularly one which operated with strong partial admission 

periods, would be to raise the mean turbine efficiency during operation, 

resulting in improved engine performance. 

The first studies of partial admission in twin-entry radial turbines 

used exclusively circumferentially split housings, (Benson and Scrimshaw 

(31), Wallace et al (32, 44), Mizumachi et al (38) and Timmis (45).) 

These early works explored partial admission by experimentation at the 

extremes. (31, 32, 38) reported tests only with one entry blanked off. 

Despite this limited approach, familiar conclusions were reached. (31, 

32) reported that the flow through each entry was not equal under full 

admission, and the partial admission results for each entry were not 

identical. (38) reported that the variation in flow between each entry 

was ±4%, the closest case to symmetry reported. The maximum efficiency 

under full admission was 74% (31) to 81% (38), whereas under partial 

admission with one entry blanked off, turbine efficiency equalled 63% 

(31), 62% (38). 

- 2 8 -



(38) also concluded that peak efficiency occurred at a lower value of 

U/C (based on entry pressure ratio) of 0.62 under partial admission. 

Explanations for the partial admission results for twin-entry turbine 

housings split on a radial plane have not been published. Windage and 

end of sector losses are terms applying to circumferentially split 

housings. Researches considered that the change in axial direction of 

the flow entering the turbine rotor would affect the flow field within 

the rotor, either through separation or friction, or other viscous 

effects. No models were proposed or tested to establish an answer. The 

effect of partial admission on efficiency proved more difficult to 

interpret. However, discussing mass flow, geometric arguments relating 

to flow area, pressure ratio and flow direction were proposed by Japiske 

(42) to explain the change in flow characteristics, but again no models 

were tested. 

1.4.2.2 UNSTEADY FLOW TESTING OF TWIN-ENTRY NOZZLELESS RADIAL 

TURBOCHARGER TURBINES 

The analysis of unsteady flow through a turbocharger turbine has been 

traditionally approached by utilising a quasi-steady assumption. Whilst 

some researchers adopted a truly dynamic flow approach, the complexity 

and lack of understanding of the flow within the turbine restricted 

progress, ref Benson (29). 

The quasi-steady assumption assumes that at any moment in time the 

turbine operates as if the flow were steady. Hence, an unsteady exhaust 

pulse, with mass flow, temperature and pressure all a function of time, 

can be assessed at any instant by using the turbine's steady flow 

characteristics. Mathematically, the quasi-steady assumption is not 

clearly defined. Under steady flow, if pressure P, is said to be steady 

then ) P/<)t = 0, although P could still be a function of space. Under 

quasi-steady flow Benson (30) forwarded the argument that 

j P / a x » )P/at as a requirement of quasi-steady flow, with spatial 

variations appearing to dominate temperal variations. A record of 

conditions across the turbine would thus define the operating 

performance of the turbine regardless of the rate of change of the inlet 

parameters. 
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Many researchers questioned this assumption, and considerable unsteady 

flow testing was attempted to determine the validity of the quasi-steady 

assumption. With the steady flow data already available, results from 

testing under pulsed flow allowed comparison between experimental result 

and quasi-steady theory. Unfortunately, the unsteady flow tests 

revealed a lack of range of the steady flow data in order to verify the 

quasi-steady assumption. 

Restricting the subject area to twin-entry nozzleless radial turbines 

virtually eliminates all references to unsteady flow in turbocharger 

turbines. Work on large axial turbochargers has several references as 

do radial machines, however, nearly all feature nozzle rings e.g.Benson 

and Scrimshaw (31), Wallace et al (32, 33, 34, 37) Kosuge et al (35) and 

Miyashita et al (39), or are single entry (35, 37), or are twin-entry 

turbine housings tested with no partial admission (39). Of those 

nozzled twin-entry turbine housings tested that took into account 

partial admission, refs (31-34), the turbine housing employed was split 

circumferentially, not radially. The two references to nozzleless 

twin-entry turbines, Benson (28,29), also utilised a circumferentially 

split turbine housing, but did not test under partial admission 

conditions. No unsteady flow results have been published for nozzleless 

twin-entry turbine housing split on a radial plane, taking into account 

partial admission. 

If the quasi-steady assumption was employed, steady flow characteristics 

were required over the full operating range of the turbine, often not 

available from the limited steady flow testing range. A technique of 

extrapolating the non-dimensional curves was proposed by Benson (27) as 

a means of overcoming the lack of data. Commenting on the absence of an 

appropriate dynamometer for testing turbocharger turbines, Benson (27) 

highlighted the lack of accurate available information required for 

engine matching. Wallace et al (32) continued research with a range of 

compressors to brake the turbine but reported a requirement of ±0.05°K 

accuracy on thermocouple measurements to satisfy efficiency 

calculations. This led to questions about the accuracy of extrapolated 

turbine efficiencies at low values of U/C, e.g. below 0.4, where an 

30 



error in efficiency can cause considerable errors in total turbine power 

calculations under pulsed flow. Similarly, extrapolation of data at low 

mass flows and pressure ratios also leads to considerable errors in 

power calculations. A small error in pressure ratio leads to large 

errors in mass flow, and at low rotational speed this condition 

corresponds to peak efficiency. If the turbine operated at low pressure 

ratios for a large percentage of the pulse period, the likely error in 

power and flow was principally attributed to extrapolated and not 

interpolated data. 

To extend the quasi-steady assumption to twin-entry turbines, two 

options were followed. Firstly, each entry was considered to operate as 

if it were a separate turbine, driven at the same speed as the 

compressor, with its own separate inlet and exit pipe. Each entry would 

operate along a re-drawn flow characteristic based on half the full flow 

test data. The efficiency characteristics would remain the same. This 

is identical to the steady flow model, without any consideration for 

partial admission or interaction, but with the quasi-steady assumption 

and extrapolated data extending the model to unsteady flow. This 

approach was borneout of a total lack of partial admission data under 

unsteady flow. The second, later, option was to take partial admission 

into account by conducting steady flow tests, quantifying the effect, 

and using this to modify each entries extrapolated characteristics. 

Results of a period of research in the late sixties and early seventies 

brought attention to bear on the validity of the quasi-steady 

assumption. The method of assessing the quasi-steady assumption was 

based on comparing experimentally obtained time-averaged flow and power 

measurements, with similar results deduced from using an experimentally 

obtained instantaneous pressure trace with the steady flow 

characteristics and the quasi-steady assumption, ref Benson (31), Kosuge 

(35), Miyashita et al (39). This method was employed as instantaneous 

measurements of temperature and mass flow were very difficult, whilst 

that of torque was not attempted. The deviation between the two results 

was expressed as a factor and correlated against various parameters, 

including pulse frequency, shape and amplitude. 
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Work on radial and axial machines was active at the same time, and both 

suffered from a considerable spread of results with little 

compatibility. The axial, circumferentially divided, turbine studies 

confirmed the importance of pulse shape and suggested that the turbine 

followed the quasi-steady assumption but the inlet and outlet casings 

did not. Concentrating on radial turbines (28,29,31-35,37,39) and 

particularly on nozzleless turbines (28,29) one can only reach general 

conclusions on broad trends. 

Benson (28,29) reported work with a circumferentially divided nozzleless 

twin-entry turbine under unsteady flow using a variable amplitude and 

frequency pulse generator. Unfortunately the pulses in each entry were 

always in phase so that the effect of partial admission was not covered. 

Also for a large percentage of the air pulse period, the turbine 

operated in the "extrapolated" data range rather than in the steady flow 

experimental results. This seriously affected any conclusions as to the 

validity of the quasi-steady assumption. The first report (28) could 

only reach a general conclusion, that the quasi-steady assumption could 

be in error by ±11% of mass flow. The second study (29) utilised a 

dynamic simulation program and the experimental apparatus employed a 

long exit pipe producing strong pressure wave action at turbine outlet. 

The conclusions stated that large variations in exit pressure have to be 

taken into account when calculating instantaneous turbine pressure 

ratios. 

Again, pulse shape appeared to be significant, though comparisons 

between each worker's results are difficult. The effect of pulse 

frequency as well as pulse form principally influenced the power 

produced by the turbine. However, the practical difficulties of power 

measurements produced uncertainties in the conclusions. Results were 

not consistent as to whether efficiency or mass flow rose, ref Benson 

and Scrimshaw (31) or fell, ref Wallace et al (32, 33), Miyashita et a1 

(39) or remained the same, ref Wallace (34), Pfost and Neubauer (40), 

under pulse flow when compared to the quasi-steady characteristics. The 

discrepancies were attributed at various stages to: partial admission, 

experimental error, the effect of the presence of an exhaust pipe, and 

error in the extrapolated data. 
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Integrated results over a pulse period were often compared with measured 

averages, some from using water manometers for the unsteady inlet 

pressure, ref Wallace et al (34). Kosuge et al (35) showed that this 

tended to over estimate the true averaged pressure, becoming worse at 

higher pressure levels. It should be stated that even the averaging 

processes were not consistent amongst the many workers. 

At higher pulse frequencies, the range of instantaneous turbine inlet 

pressure reported reduced for tests conducted at the same time mean 

pressure. This was expected when considering the time response through 

filling and emptying of the apparatus employed. However, a consequence 

of this was to restrict the instantaneous operating point (using the 

quasi-steady assumption) to an area where steady flow data was 

available, avoiding the need for extrapolation. Wallace et al (33) 

concluded that the quasi-steady assumption, based on cycle averaged 

values was satisfied with respect to mass flows at higher pulse 

frequencies, with the results being between +5 and -15% of the 

experimental values. Miyashita et al (39) also found that the higher 

the pulse frequency, the smaller the deviation from the quasi-steady 

assumption. This was contrary to another worker, Benson (31), who 

concluded that the assumption became progressively invalid as pulse 

frequency and turbine speed rose. 

When comparisons of non-dimensional mass flow are made, the difficulty 

of assessing instantaneous temperature arises. Some workers employed a 

thermocouple and considered its result to be equal to the mean total 

temperature, ref Kosuge et al (35). Other workers used an isentropic 

relationship between mean inlet pressure, instantaneous inlet pressure 

and mean inlet static temperature to deduce instantaneous static inlet 

temperature (28). If the upstream total temperature of the pulse 

generator was constant then the isenthalpic process across the pulse 

generator ensured a constant and identical total temperature downstream. 

Variations in static temperature were due to variations in mass flow. 

Benson (31) utilised a fine wire (6.9 pm diameter) as a resistance 

thermometer to record transient temperatures. The results however 

showed very large oscillations to below ambient which could not be 

justified. 
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Explanations of the deviations from quasi-steady flow were rarely 

mentioned in the references. To explain an increase in flow and 

efficiency Benson (31) tentatively forwarded the likelihood of a 

decrease in boundary layer thickness with resultant higher flow, lower 

fluid friction and higher efficiency. Miyashita et al (39) suggested 

that the flow characteristics of the turbine were not a simple function 

of pressure ratio, and that it was totally wrong to estimate the 

efficiency of the turbine from measured mean values. Japiske (42) 

postulated the effect of the coupling of pulsations with the turbine's 

viscous effects to cause changes to boundary layers, separation regions 

wakes, etc. The typical exciting pulse frequencies that are known to 

disturb boundary layers were far higher than those found in engine 

exhausts. However, pulse frequencies from 10 to 300Hz were known to 

disturb optimum diffusers operating in transitory stall. This promoted 

the comment that any region of flow separation would be influenced by 

unsteady effects and propagate a disturbance downstream affecting the 

whole machine. 

In conclusion, many results were contradictory or highlighted areas 

requiring more study. 

The effect of partial admission or interaction cannot be ignored. 

Steady flow data has to cover the full instantaneous operating 

range under unsteady, pulsed flow. 

An instantaneous record of mass flow, inlet and exit pressure, 

inlet temperature and torque is required to assess the validity of 

the quasi-steady assumption. 

A greater emphasis should be placed on experimental accuracy as the 

deviations are not expected to be large, and could easily be lost 

in measurement uncertainties. 
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1.5 TURBOCHARGER TURBINE DYNAMOMETERS 

1.5.1 INTRODUCTION AND LITERATURE SURVEY 

Many types.of dynamometers can be found in engine testing laboratories, 

ref Li 1 ley (18). The requirements on dynamometers for motored running 

in engine testing, fast transient response and energy recovery are not 

applicable to a turbocharger turbine dynamometer. Similarly, most 

dynamometer manufacturers would not consider speeds in excess of 10,000 

rpm. The requirements of the gas turbine industry for faster 

dynamometers raised speeds to 50,000 rpm and almost exclusively to 

smooth disc hydraulic dynamometers, ref Zollner (19), Kahn (20) Froude 

(21), often though with limiting minimum power absorption ranges. This 

gave rise to many new designs of dynamometers in order to cope with the 

high turbocharger turbine speeds and particularly the requirement for a 

wide power absorption range to simulate actual instantaneous engine 

exhaust conditions. 

There is only one reported example of a water dynamometer being used for 

high speed turbine testing, Kahn (20), none of an eddy-current 

dynamometer. However, a single reference to a high frequency A.C. 

electrical generator acting as a dynamometer can be found, Sasaki (22) 

along with several references to hydraulic dynamometers, Zollner (21) 

Hiett and Johnson (1) Ziarati (8) Holset (23). By far the most popular 

form of dynamometer is an "air" dynamometer, simply the standard 

centrifugal compressor fitted to the turbocharger, with the compressor 

acting as an air brake. Refinements of the system, born out of the 

small power absorption range of a centrifugal compressor, were to test 

with a range of air compressors, up to five, to cover a larger range of 

powers at a given turbine speed, ref Scrimshaw (5). Additionally, the 

power absorbed by the turbocharger bearings could either be; (a) ignored 

and included in the turbine efficiency (b) measured via an oil 

temperature and flow rate and added to the absorbed power, or (c) 

implicitly included in the total absorbed power by torque reacting the 

bearing housing and compressor against a load-cell. 
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Difficulties of accurate temperature measurement across the compressor 

and in the oil flow through the bearings resulted in many detailed 

design variations based around a torque reacted bearing housing fitted 

with a range of compressors, ref Yamaguchi et al (24) Miyashita et al 

(25). However, despite the increased complexity the power absorption 

range of the dynamometers was still inadequate. Not enough power 

absorption at low speed and too high a minimum power absorption at high 

speed, a limitation inherent in the performance characteristics of the 

centrifugal compressor. 

Designs avoiding an air compressor dynamometer gave rise to many novel 

types of turbine dynamometers as well as the introduction of a purpose 

built hydraulic dynamometer by Froude (21). Work was reported on 

measuring the torsional twist in the shaft between the turbine and 

either an inertial mass or an air compressor using optical methods, ref 

Gimmler et al (11). Substitution of a "torque transducer" between 

turbine and applied load using a calibrated torsion tube and measuring 

twist was also attempted, ref Torquemeters (12). Strain gauges appeared 

on the blades of a turbine with a telemetry signal system but were not 

employed on the shaft to measure torsional twist, ref Ellison and 

Partridge (13). Their installation, temperature sensitivity and 

calibration made the technique very difficult to control. High speed 

electrical induction motors were also employed though the very limited 

power absorption range made them unsuitable for turbocharger turbines, 

ref Sasaki et al (22). Although never applied to a turbine, the change 

in magnetic permeability of the shaft material due to torsional twist 

has even been attempted in engine crankshafts, ref Fleming and Wood 

(14). 

All of these dynamometers had considerable performance restrictions in 

practice and each highlighted the practical difficulties with small high 

speed turbocharger turbines in achieving accurate power measurement 

over a wide range. 

Torsional oscillations in the shaft of a turbocharger under steady as 

well as pulsed flow introduced difficulties for systems using the twist 

of the shaft for torque measurements. 
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In order to increase the resolution of torque measurement, shafts were 

made thin to produce considerable twist, but this also made them less 

rigid and the rotating group became more susceptible to large torsional 

osci1lations. 

The reaction of bearing losses within the total torque allowed turbine 

aerodynamic efficiency to be measured directly. The minimum reported 

power absorbed by a high speed ball bearing is 0.5kW at 100,000 rpm, ref 

Sumi and Yamane (15), considerable less than the l.SkW absorbed by a 

floating plain bearing, ref Maclnnes and Johnston (16). However, the 

question of whether to include or exclude bearing losses was dependent 

on the choice of the definition of efficiency. 

Many of the reported turbine experiments were conducted with 'cold' air 

as the large thermal gradients often affected the "torque measuring" 

transducer, be it optical or strain gauge. These thermal effects often 

necessitated 'cold' running rather than any consideration for 

non-dimensionality as described earlier. 

Using a purpose built turbine dynamometer for pulsed flow is rarely 

mentioned in the literature. Gimmler et al (11) utilised such a 

dynamometer using an optical system to measure the twist of the turbine 

shaft. Unable, due to limited resolution, rotor dynamics and thermal 

effects to run faster than 30,000 rpm, the experiment highlighted a 

transient problem with floating plain bearings. Hysteresis in the 

bearings seriously affected the unsteady flow results, and the close 

proximity of an optical system to an oil-mist environment caused 

continually low sensitivities. The results showed considerable scatter 

and the authors of (11) considered the accuracy of torque measurement to 

be typically 10-12%. Reference (11) also mentioned a technique of 

measuring torque by measuring the acceleration of an inertial mass 

attached to the turbine, ref Michel (17). Here the turbine is released 

from standstill and accelerates to maximum speed whilst inlet and exit 

pressure, inlet temperature and rotational speed are all recorded on 

'tape'. Unfortunately the results were poor, but the potential power 

range and speed of such a dynamometer is outstanding. 
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Only one type of proprietary dynamometer is available for use at speeds 

upto 75,000 rpm, a hydraulic dynamometer by Froude (21). This 

dynamometer can absorb between 16 and 138kW at its maximum speed, and 

can easily cater for the maximum power produced by a turbocharger 

turbine. The difficulty arises with minimum power, the windage losses 

are lOkW at 60,000 rpm whilst for test purposes less than 2kW is 

desirable. Questions surround the dynamometer's usefulness under pulsed 

flow due to the hysteresis damping properties of the oil applying a 

delayed oscillating torque to the turbine and as to whether this would 

introduce a non-aerodynamic phase shift into the torque record with 

time. However, these types of dynamometer are very expensive and 

substantially exceed the cost of all other types of dynamometers. 

To overcome the problem of minimum power absorption often encountered 

with high speed dynamometers, a dynamometer that can be 'switched o f f 

was required. This is a feature of an eddy-current dynamometer where 

the lack of an electro-magnetic field results in no applied torque. 

However, not until 1983 were eddy-current dynamometers available capable 

of speeds in excess of 30,000 rpm. In 1983 Vibro-meter S.A. of 

Switzerland launched a new range of eddy-current dynamometers that 

absorbed 0-12kW at speeds upto 50,000 rpm with an option to 70,000 rpm. 

Whilst the maximum power was too low, the dynamometer was the only one 

commercially available which could absorb power at levels lower than the 

current commercial minimum of lOkW. 

As the potential to add power absorption capacity by coupling up another 

'dynamometer', be it a centrifugal air compressor, another eddy-current 

or hydraulic dynamometer, was available, the author decided on this 

particular eddy-current dynamometer. There are no known previous 

references to the use of an eddy-current dynamometer for turbocharger 

turbine testing. 

An analysis of the requirement of a low but accurate measurement of 

power at high rotational speeds for turbines has attracted many research 

groups to turbine dynamometers. By using an eddy-current dynamometer it 

is possible to reach these objectives without compromising the a c c u r a c y 

of efficiency measurements. 
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The eddy-current dynamometer is not capable of absorbing the high 

powers, but an additional or alternative dynamometer can be employed to 

absorb the excess. 

1.5.2 EDDY-CURRENT DYNAMOMETERS 

This section describes the working principle of an eddy-current 

dynamometer as employed in the dynamometer used in this study. The 

specification of this dynamometer is listed in Appendix I. 

Eddy-current dynamometers have an axially slotted rotor spinning inside 

a housing referred to as the stator. The stator is constructed of a 

sandwich of electrical coils which surround the rotor circumferentially. 

Passing along the stator and around the windings are water passages to 

allow cooling water to reach the inner surface of the stator. The whole 

stator assembly is supported in bearings and this allows the stator to 

swing around the rotor. To counteract this tendency, a radial load arm 

acting on a load cell is attached to the stator and measures the 

stator's torque. The high speed bearings fitted to the rotor are also 

situated within the swinging stator assembly and hence are accounted for 

in the torque measurement. 

The dynamometer functions via the influence of the rotor slots. The 

field coils are 'excited' by an external excitation current. These 

coils create a field which passes through both the rotor and the stator. 

As the slotted rotor passes through the excitation field so the 

resistance of the magnetic circuit changes, producing variations in 

magnetic flux. 

This change of flux gives rise to the formation of local eddy currents 

which with the addition of motion produce an opposing torque. The 

torque is reacted through the stator on to the load transducer. 

The power is dissipated away from the eddy-currents via the water 

channels drilled within the stator. Eddy-currents form on the surface 

of the stator where their presence causes high local heating. The water 

transports the heat away from the stator surface. Clearance between 

rotor and stator is kept as small as possible as the ratio of magnetic 

resistances of air and steel is 1000 : 1. 
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Torque is a function of speed and the level of excitation induced. This 

is limited ultimately by the magnetic saturation of the field. The 

power level is limited by the rate of heat transfer to the cooling 

water. Above a rotational speed of 5730 rpm (for this eddy-current 

dynamometer) heat transfer limits the power before magnetic saturation 

limits the torque. Hence maximum excitation, and thus torque, reduces 

as speed rises to avoid over heating the stator. The maximum power 

absorption of the eddy-current dynamometer was 12kW and could be varied 

in principle to zero, independent of speed. In actuality, the minimum 

power absorption was the power absorbed by the viscous drag in the high 

speed ball bearings. 

The maximum speed of the dynamometer was limited by the high speed, 

angular contact, ball bearings supporting the rotor. Lubricated by 

grease they were capable of reaching rotational speeds of 50,000 rpm. 

Lubricated by an oil mist spray their speed range was extended to 70,000 

rpm. 

1.5.3 POWER ABSORPTION REQUIREMENT 

In the preceding discussion on the non-dimensional performance analysis 

of a turbine, the effect of a change in inlet air temperature was 

reviewed. By reducing the air temperature from the typical engine 

exhaust gas temperature (900°K) to 400°K, the turbine power fell by a 

factor of 0.57. Additionally, the maximum rotational speed of the 

dynamometer need only be two thirds of the maximum service speed of the 

turbine. 

The turbine tested in this study was a circumferentially split, 

twin-entry turbine manufactured by Garrett Airesearch - type T04B 'E' 

trim, turbine diameter 75mm. Performance data supplied by the 

manufacturer had been obtained using a centrifugal compressor to load 

the turbine. Turbine efficiency was not measured directly, but turbine 

times mechanical efficiency as the power absorbed by the bearings was 

not accounted for separately. This data was limited in power absorption 

range and an assumption about mechanical efficiency had to be made to 

extract the aerodynamic power versus rotational speed data. 
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The data had been obtained at a constant inlet temperature of 

approximately 900°K up to the maximum service speed of the turbine, 

120,000 rpm. Figure 1.7 shows the power developed by the turbine at 

both the original test temperature of 900°K and a reduced test 

temperature of 400°K, based on the limited data supplied. Two levels of 

mechanical efficiency are shown, 100% (no bearing loss) and 70%. 

Assuming that speed dominates the power absorption of the bearings, the 

100% band is realistic at higher speeds and powers, the 70% band is 

realistic at lower speeds and powers. Typical maximum mechanical 

efficiencies of 98-97% were reported with a 1.2kW bearing loss, ref 

Macinnes et al (16) at 120,000 rpm, falling to 89-76% at 60,000 rpm with 

a bearing loss of 0.3kW. This was an approximation as the thrust 

bearing drag is considered to be responsible for half the total bearing 

loss and this is a function of compressor pressure ratio as well as 

speed, ref Holzhausen (26). 

Figure 1.8 concentrates solely on the dynamometer power absorption 

requirement at 400°K inlet temperature, and compares the performance of 

the 12kW eddy-current dynamometer with the requirement of the turbine. 

The first limitation of the dynamometer was its inability to test to the 

required maximum speed of 78,000 rpm. Up to 50,000 rpm, the 

eddy-current dynamometer can equal the maximum power absorbed by the 

original centrifugal compressor, but beyond this an additional 

'dynamometer' is required. 

The purpose of adapting a turbine dynamometer was to be able to absorb 

power over a larger range at a given speed than that offered by a single 

centrifugal compressor. Figure 1.8 shows the effect on the power 

absorption capability when a centrifugal compressor (Garrett Automotive 

type TV71 diameter 107mm) is added to the dynamometer. This compressor 

is normally fitted to a larger, slower rotating turbocharger and is 

aerodynamically matched for operating at the low dynamometer speeds. 

The addition of the compressor introduced a 'hole' into the operating 

regime above 55,000 rpm at approximately 15 kW where either the 

compressor (on its own) would surge or the eddy-current dynamometer 

would overheat. 
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An inlet throttle as well as an exit throttle reduces the minimum power 

absorption capabilities of a centrifugal compressor at high mass flows 

and pressure ratios. When this was added, the 'hole' almost 

disappeared. 

The compressor was chosen to maximise the absorbed power without 

compromising the minimum power at speeds upto 70,000 rpm. In order to 

absorb the maximum power both compressor and eddy-current dynamometer 

operate together. At lower power levels, the range is covered either by 

only using the compressor to absorb power and 'switching o f f the 

eddy-current dynamometer, or by disconnecting the compressor completely. 

Figure 1.9 illustrate the operating range of the turbine when fitted to 

an engine with a "pulse" exhaust manifold. These results have been 

taken from an engine simulation program (Watson and Janota (3)) which 

has shown close agreement with experimental results. Figure 1.9 

emphasises the large range of U/C ratio values which a turbocharger 

turbine operates over. Superimposed on this is the range that the 

turbine was tested over using the manufacturer's data. It is 

interesting to note that when the compressor and turbine diameter are 

equal, as was the case in the manufacturer's test, the turbine is 

constrained to operate around a U/C value of 0.7, peak efficiency. This 

fact can be shown theoretically to be the case under steady, unthrottled 

flow by assuming realistic approximations for the compressor slip 

factor, and turbine efficiencies, ref Watson and Janota (3). 

Information about the turbine's peak efficiency and design point 

performance can be obtained by this testing procedure, though it can 

only be correctly applied to engines with constant exhaust pressure 

turbocharging systems. Information above a value of U/C = 1.2 is of 

little significance as turbine power approaches zero. Inaccurate 

estimates of turbine efficiency above U/C = 1.2 have a negligible effect 

on simulated engine performance. 

Combining figure 1.9 with figure 1.8 results in figure 1.10, the power 

absorption capability versus power absorption requirement. (Points A, 

B, C and D allow comparison between figures 1.9 and 1.10). 
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Figure 1.10 summarises the section by showing that an eddy-current 

dynamometer and a centrifugal compressor can test the turbine over its 

typical operating range on an engine. 

As a first step towards this experimental solution, this study 

concentrates on using an available version of the commercial 

eddy-current dynamometer which was limited to 50,000 rpm without the 

compressor fitted. At an early stage in the mechanical development of 

the dynamometer, a bearing failure of the 70,000 rpm version halted 

development for a considerable period. This meant initial work was 

conducted up to 50,000 rpm only, pending a design alteration to the 

70,000 rpm bearing system. 
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Section A - A 

B. Circumferentially split twin-entry turbine housing. 

A. Twin-entry turbine housing split on a radial plane. 

FIGURE 1.2 Twin-entry turbine housings. 
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CHAPTER 2 

EXPERIMENTAL APPARATUS 

INTRODUCTION 

Chapter 2 describes the experimental test facility and its apparatus in 

detail. The first section contains a description of each of the 

principal pieces of hardware within the test facility and describes the 

capabilities of the apparatus. A sub-section is dedicated to a detailed 

description of the mechanical adaptation of the eddy-current dynamometer 

to testing a turbocharger turbine. ( A full description of the 

dynamometer and its principle of operation can be found in Chapter 1, 

section 1.5.2.) Section 2.1.4 discusses the importance and 

interelationship between vibration, critical speed and balance for the 

test facility, and the equipment employed in assessing these parameters. 

The second section concentrates on the instrumentation, and is 

subdivided into instrumentation used during steady flow testing and 

instrumentation used during unsteady flow testing. A description is 

given of the function and operating principle of each of the 

instruments. A third subdivision describes other instruments and the 

data processing equipment. 

The third section describes the calibration of these instruments and is 

similarly subdivided into steady state calibration and dynamic 

calibration. The principles of the dynamic calibration of the hot-wire 

anemometer are described in detail covering both the traditional steady 

flow calibration principle (King's law), and the use of the anemometer 

as an instantaneous mass flow meter through integration of the velocity 

profile. A discussion of the accuracy of the instruments and the 

influence of their calibration procedures is contained in Chapter 3. 
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Finally, the fourth section deals with experimental procedure and 

concentrates on the special operating features of the test facility such 

as vibration level power absorption and dynamic and thermal equilibrium. 

Appendix II contains a full description of the operational procedure for 

the complete test facility. 

2.1. TEST FACILITY 

2.1.1 COMPRESSED AIR SUPPLY 

Figure 2.1 diagrammatically illustrates the test facility. The facility 

dominated a small laboratory due to the large lengths of pipe required 

for accurate mass flow measurement. Figures 2.2 to 2.6 detail the 

principal components in Figure 2.1. 

Compressed air was delivered to the base of the filter stack (Figure 

2.2) at a fixed pressure of 4.0 bar gauge regardless of flow rate and up 

to a maximum of 0.95kg/s mass flow. The filter stack, set partially 

under the floor, consisted of a two stage filter, cyclonic followed by 

paper element filtering the air down to a maximum 30 |jm diameter 

particle size. 

The filtered compressed air passed on to the principal flow regulating 

valve, an electrically driven butterfly valve. (An additional valve was 

sited here to allow access to the filtered compressed air supply). 

From the regulating valve, the air flow enters the first mass flow 

measuring orifice plate sited 50 straight pipe diameters downstream and 

30 pipe diameters upstream of any bend. (Figure 2.3). References (48) 

and (49) highlight the importance of large pipe lengths on orifice plate 

accuracy. The orifice plates were removable from the pipework, so that 

flow measurement accuracy would be maximised over the full flow range of 

the turbocharger turbine by substitution of plates of different sizes. 
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The compressed air temperature on entering the test facility varied 

between 10°C and 28°C. Although the air may leave the compressors at 

over 200°C, an intercooler and 1.5km of unlagged piping reduced the 

temperature. 

In order to raise the air temperature to the 400°K required for testing, 

an 81kW electrical heater was installed after the flow measuring 

section. The heater consisted of three element arrays, two rated at 

36kW, and one at 9kW. One 36kW array and the 9kW array could be 

switched on independently by the operator. The other 36kW array was 

linked to a proportional controller which was itself connected to a 

total turbine inlet temperature thermocouple. The controller maintained 

a fixed turbine inlet total temperature of 400°K, regardless of flow 

rate. The other heaters were activated at the higher flow rates or to 

shorten the time to reach thermal equilibrium during testing. 

The hot air leaving the heater stack flowed into two pipes, each leading 

to one of the entries of a twin-entry turbocharger turbine housing. At 

the beginning of each pipe, a control valve was situated to allow 

different flow rates to each turbine inlet. These pipes lead from the 

heater stack through a 90° bend and into another orifice plate measuring 

section with straight pipe lengths, 45 pipe diameters upstream, 23 pipe 

diameters downstream. The pipes appear to merge together at their ends 

into a long 'Y' type junction. Within the junction a plate had been 

welded to keep the two flows separate, and to act as an adaptor to feed 

them on into the pulse generator. (Figure 2.4) 

Figure 2.5 is a sectional drawing of the pulse generator. The belt 

driven, rotating, 3-hole discs interrupted the flow through each 'half 

of the central pipe. The belt was driven by a direct current, electric 

motor through one of two pulley sizes to each of the discs. The speed 

of the motor could be regulated to vary air pulse frequency, and the 

phase relationship between the air pulses could be varied by rotation of 

one of the pulley wheels. Similarly, the discs could be changed to vary 

the shape of the air pulse, a change to a two hole disc produced 

proportionately longer periods of low flow. The range of the pulse 

generator allowed many engine configurations to be tested, as an 

example: 
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6 cylinder, 4-stroke, twin entry, turbine housing - 645 to 6450rpm 

6 cylinder, 4-stroke, single entry, turbine housing - 323 to 3230 

4 cylinder, 4-stroke, twin entry, turbine housing - 961 to 9604 

4 cylinder, 4-stroke, single entry, turbine housing - 480 to 4800 

From the pulse generator the air flow passed through a short section of 

removable parallel pipe volumes, and on to a convergent nozzle which 

changed the flow cross-sectional area to that of the turbine entries. 

There then followed an emergency 'stop' valve which rotated to block the 

flow completely when activated. This was followed by a short parallel 

section, the "instrumented" volume, before entering the turbine housing. 

The instrumented volume had removable walls to allow the insertion of 

instrumentation to monitor turbine inlet conditions. (Figure 2.6 shows 

the post air pulse generator pipework). The turbine housing was 

mounted on the turbine dynamometer. 

2.1.2 TURBINE DYNAMOMETER 

The turbine dynamometer was a modified version of a proprietary 

eddy-current dynamometer, type 2WB65SHS from Vibrometer S.A., 

Switzerland. The specification of the original dynamometer can be found 

in Appendix I. A discussion of its design is contained in chapter 1. 

This section discusses the adaption of the dynamometer to allow a 

turbocharger turbine to be tested. 

The turbocharger turbine and housing tested were standard Garrett 

Airesearch type T04B, A/R = 1 . 0 0 , 'E' Trim components with the turbine 

modified by shortening the bearing shaft to 21mm. 

In order to connect the turbine rigidly to the dynamometer, two 

intermediate connecting pieces were required. A high speed turbine 

coupling (Figure 2.7) and a taper-lock collet (Figure 2.8). The 

coupling was keyed and retained by a screw to the dynamometer input 

shaft. The taper-lock collet was a sliding fit over the shortened 

turbine bearing shaft and a match for the female taper in the high speed 

turbine coupling. 
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When the nut of the coupling was tightened, the tapered collet was 

forced along the taper to grip both coupling and turbine shaft. The 

turbine coupling was as short as possible to minimise the length of the 

overhung turbine mass, and as low in inertia as possible conversant with 

stiffness for low shaft deflections. Heat transfer from the hot turbine 

to the dynamometer was minimised by reducing conduction area through a 

thin wall tube design since an air gap is an excellent insulator. 

The turbine housing was mounted on to the frame of the dynamometer via 

an adaptor piece (Figure 2.8). This adaptor piece served two functions, 

firstly to support the turbine housing, and secondly to support and 

supply oil to a phosphor-bronze bush. This bush acted as a turbine 

blade/housing rub protector. Should high vibration levels build up 

causing excessive shaft deflections, the restriction on shaft movement 

by the bush ensured that not enough shaft movement occurred to cause a 

blade/housing rub. The bush also acted as a labyrinth seal for the air 

leaking through the base of the turbine heatshield. The bush was held 

at a clearance of 0.05mm from the shaft over a 6mm length. The standard 

heatshield was retained and no exit piping was connected after the 

turbine. 

The dynamometer was limited in its present specification to 50,000 rpm 

and 12kW power absorption capacity. This power was absorbed by passing 

water through the stator of the dynamometer where the eddy-currents 

circulate. This water had to be chemically treated to avoid corrosion 

and was part of a closed system, which via a heat exchanger connected to 

the laboratory cold water supply, formed the cooling circuit for the 

dynamometer. A schematic of the dynamometer, illustrating these 

features is shown in Figure 2.9. 

2.1.3 SAFETY SYSTEM 

As a precaution against the many dangers associated with high speed 

turbomachinery and large electrical power supplies, a digital electronic 

safety system was manufactured. By monitoring several transducers 

placed around the test facility, the safety system could respond by 

closing the emergency air valve and switching off the air heaters. 
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This would immediately retard the turbine even without any field 

excitation current bringing the turbine to rest. Similarly, by 

disabling the electrical air heaters, the lack of air flow would not 

overheat the heating elements. The operator could bring the turbine to 

rest quickly by applying load, but cannot respond fast enough or early 

enough during an incident. The safety system monitors : 

Dynamometer cooling water flow - Has to be above a preset 

1 evel 

Dynamometer cooling water outlet temperature - Has to be below a preset 

level 

Dynamometer cooling water inlet pressure - Has to be above a preset 

level 

Dynamometer Overspeed - Limiting speed of dyna-

mometer bearing system 

Dynamometer Vibration level - Has to be below a preset 

1 evel 

Emergency Air valve position - Has to be open 

Remote emergency stop button - Has to be armed 

Main air control valve position - Has to be open 

2.1.4 VIBRATION/CRITICAL SPEED/BALANCE 

High speed rotating machines operating across large speed ranges 

often excite structural resonances due to their wide frequency range of 

operation. When the combination of shaft stiffness, mass and exciting 

force frequency combine with the natural resonant frequencies of the 

machine, violent shaft excursions, bending, and induced stresses result. 

The usual consequence of this is a dramatic shortening of bearing 

surface fatigue life leading often to bearing surface pitting and 

higher vibration levels necessitating bearing replacement. 

An example of an exciting force with variable frequency is that due to 

the out of balance of a rotating mass, frequency being a function of 

speed. 
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The dynamometer of the test facility had an overhung turbine, i.e. a 

turbine positioned outside the two bearing supports. Complications of 

out of balance arose due to the assembled concentricity of the rotating 

group fitted to the dynamometer rotor. The tolerances between 

dynamometer rotor shaft, shaft extension, and turbine rotor stub shaft 

built up to offset the centre of mass of the turbine from the centre of 

rotation of the dynamometer rotor. The turbine (0.5Kg) was balanced to 

G16 quality, ref I.S.O. 1940 (50), which is equivalent to an out of 

balance of 0.75g.mm, or a displaced centre of mass (from the centre of 

rotation) of 1.5 |jm. The maximum possible displacement of the turbine 

centre line to the dynamometer rotor centre line due to tolerance build 

up was 5 pm. Hence, the centre of mass of the turbine may be 6.5 pm 

from that of the centre line of the dynamometer rotor. Before the 

addition of the turbine, the out of balance of the dynamometer rotor 

(3.5 kg) was 0.7g.mm which is equivalent to a 0.2 pm displaced centre of 

gravity, G1 quality, ref (50). By adding the turbine, the potential out 

of balance of the combined rotating masses (4kg) was 3.9 g.mm, 

equivalent to a 1 pm displaced centre of gravity, five times the 

original specified dynamometer balance. 

In order to ascertain the dynamic characteristics of the rotating 

system, a standard dynamic test was conducted on the dynamometer. The 

'tap' test or 'harnner' test revealed a natural resonant frequency, 

indicating the presence of a critical speed with an out of balance 

exciting force. A problem with the hammer test is that by placing an 

accelerometer on the rotor one influences the result. The test was 

repeated with an additional small mass added to the rotor. The two 

graphs (Figure 2.10) revealed a small shift in the resonant frequency 

due to the small increase in rotor mass. 

By applying Dunkerley's Method (51) the resonant frequency of the rotor 

alone could be calculated. Whilst Dunkerley's Method is quick and 

simple, it tends to underestimate the first resonant frequency by 

ignoring the influence of higher resonances. The results of the 'tap' 

tests are presented, along with the calculated resonant frequency in 

Figure 2.10. It clearly shows a resonant frequency, or critical speed, 

at a frequency of 328 Hz or 19,700 rpm. The dynamometer had little 

damping, reflected by the sharpness of the resonance, typical of greased 

ball bearings. 
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Whilst the addition of damping would greatly reduce the amplitude of the 

resonances, this was limited with rolling element bearings. 

Figure 2.10 shows the vibration characteristic of the rotating system, 

the ordinate (y-axis) is the logarithm of the normalised ratio between 

shaft acceleration and exciting force. As the shaft acceleration is 

responsible for the dynamic loads, a reduction in exciting force reduces 

dynamic loadings. With the principal exciting force being rotating 

group out of balance, a low value of out of balance, i.e. high balance 

quality, maintains low dynamic levels at all speeds. Operation away 

from the critical speeds ensures low dynamic levels throughout testing. 

The stiffnesses associated with the vibration characteristics are those 

of shaft support, the radial stiffness of the bearing, their fit on the 

shaft and within the housing, and the stiffness of the housing relative 

to the base. These stiffnesses exhibit non-linear characteristics and 

create great difficulties in rotor dynamic predictions without a large 

amount of empirical data. The 'tap' test avoids this by experimentally 

highlighting areas of concern. With residual out of balance reduced to 

a minimum, an accelerometer installed on the dynamometer near the 

bearing support served to notify the operator of satisfactory bearing 

condition, the near presence of critical speeds, and the level of out of 

balance of the rotating group. 

The accelerometer could be placed above either pair of high speed ball 

bearings. Selective assembly of the dynamometer shaft coupling and 

turbine could substantially reduce vibration levels. If the minimum 

level still proved too high, metal was removed from the nose of the 

turbine. 

Empirical data gained through operating the test facility produced a 

criterion for maximum out of balance in each bearing plane. In essence, 

at a given speed, the accelerometer reading had to be below this maximum 

level for continued high speed testing. 
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2.1.5 DATA PROCESSING SYSTEM 

Figure 2.11 shows a diagrammatic representation of the complete data 

processing system. During steady flow tests only the low speed 

acquisition system was implemented. The measurement of steady flow 

torque and speed could be read directly from the instrument panel and 

inputted to a data reduction program within the microcomputer. This 

would complete all the steady-flow data. 

During unsteady flow runs, the high speed acquisition system would be 

employed, with only a limited number of 'low speed' readings being 

accessed. All this information could be passed to the microcomputer for 

storage and later data reduction. Additional facilities existed to 

transfer data from the laboratory based microcomputer to the college 

based main frame computer (CDC 850). 
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2.2 INSTRUMENTATION 

INTRODUCTION 

This section describes the instrumentation installed in the test 

facility, its function and operating principle. The section is split 

into four sub-sections. 

1. Steady-flow test instrumentation 

2. Unsteady flow test instrumentation 

3. Other instruments 

4. Data processing instruments 

Figure 2.12 details the installation of the principal instruments in the 

test facility. 

2.2.1 STEADY FLOW TEST INSTRUMENTATION 

PRESSURE MEASUREMENT 

Turbine total inlet pressure was measured with a single pitot tube 

placed in each turbine entry pipe inside the instrumented volume. 

Pneumatic tubing connected the pitot tube to a strain-gauge pressure 

transducer within the "Scanivalve" selector unit. The "Scanivalve" 

selector unit consisted of a single strain-gauge differential pressure 

transducer connected at each end to two rotary switches. Each side of 

the differential transducer was fed by one of 25 pneumatic channels 

through each rotary switch, or 'scanning valve', allowing one transducer 

to measure 25 differential pressure points. Static turbine exit 

pressure was assumed to be equal to ambient pressure as no exit pipe was 

fitted after the turbine. Ambient pressure was measured with a 

barometer placed inside the test cell. 
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TEMPERATURE MEASUREMENT 

Turbine total inlet temperature was measured with a shrouded type 'E' 

thermocouple placed in each turbine entry pipe of the instrumented 

volume. The stainless steel sheathed, minerally insulated thermocouple 

had an exposed junction surrounded by a 270° arc steel sleeve. The 

thermocouple was connected to a proprietary voltmeter which was fitted 

with its own temperature reference junction and calibration facility. 

The design of the probe followed the recommendations of other workers, 

ref Japiske et al (52),(53). 

MASS FLOW MEASUREMENT 

Steady mass flow was measured by an orifice plate differential pressure 

meter with 'D' and 'D/2' tappings. Three orifice plates were placed in 

the test facility, one measuring total mass flow with the other two 

measuring the flow to each individual turbine entry. The meters were 

installed in accordance with ISO 5167 (49). Excessive, i.e. beyond the 

standard's recommendation, amounts of upstream and downstream pipe 

lengths had been added to ensure the accuracy of flow measurement, ref 

Haywood (48). 

The upstream temperature was measured by an 'E' type thermocouple. The 

upstream static wall pressure and the differential static wall pressure 

(via piezometric rings with 90° tappings) were connected by long 

pneumatic cables to the "Scanivalve" pressure transducer. The 

installation allowed the orifice plates to be exchanged and a range of 

orifice plates was available to cover the flow range required. 

TORQUE MEASUREMENT 

Torque was measured by a strain-gauge load cell (cantilevered beam type) 

reacting against the induced torque in the eddy-current dynamometer. 

This torque was the gross torque produced by the turbine, which was 

equal and opposite to the sum of that generated by the rotor shearing 

the magnetic field and the high speed ball bearing's viscous drag. 
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The output of the load-cell was displayed in N.m on the operator's 

panel. Both the load cell and the signal processing and display 

equipment were proprietary items supplied with the Vibrometer 

eddy-current dynamometer. Their full specification is listed in 

Appendix I. 

SPEED MEASUREMENT 

Rotational speed of the turbine was measured via a six toothed wheel 

attached to the rear of the dynamometer rotor, and an inductive 

proximity sensor. The frequency of the induced signal was a measure of 

the speed and a time-averaged reading was displayed directly in 

revolutions per minute. Both items were manufactured by Vibrometer and 

their full specification appears in Appendix I. 

2.2.2 UNSTEADY FLOW TEST INSTRUMENTATION 

PRESSURE MEASUREMENT 

Instantaneous total inlet pressure was not measured directly, but 

derived from instantaneous mass flow and instantaneous wall static 

pressure. Wall static pressure was measured by a Schaevitz type 701/4 

strain gauge pressure transducer mounted on the wall of the duct. By 

using wall static pressure, the derived total pressure is a mean total 

pressure assuming a negligible pressure gradient across the duct. 

A cylindrical chamber connected the diaphragm of the transducer to the 

instrumented volume. The influence of this chamber was important when 

considering the 'in situ' frequency response of the transducer. The 

transducer was fitted remotely due to its limiting diaphragm operating 

temperature. The length of the connecting passage was as short as 

possible whilst still providing adequate cooling to the diaphragm. This 

was to maximise the difference between the resonant frequency of the 

passage and the fundamental air pulse frequency to avoid significant 

attenuation of the pressure record. A water cooled brass collar sitting 

above a machinable ceramic insert provided the insulation and cooling. 
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The output of the transducer was fed to a bridge balance and amplifier 

module and on to an analogue to digital converter. The converter had a 

buffer which stored the data before later transfer to computer memory. 

The specification of the electronic modules (Fyle Ltd) and analogue to 

digital converters (Datalab Ltd) can be found in Appendix I. 

Instantaneous turbine exit static pressure was assumed to be equal to 

the ambient pressure within the test cell as no exit pipe was fitted in 

the reported tests after the turbine. 

MASS FLOW MEASUREMENT 

Instantaneous mass flow was measured by a hot-wire anemometer placed in 

the centre of the turbine inlet duct. The principle of a hot-wire 

anemometer is based upon the heat transfer relationship between a heated 

wire and the flow across it. The wire is heated electrically to above 

the temperature of the flow and cooled by forced convective heat 

transfer over the wire. In this application the wire was run at a 

constant temperature, the current being increased to restore wire 

temperature and offset cooling due to convection. The subsequent 

potential change (in the feedback circuit) to increase current was a 

measure of the flow across the wire. This mode of operation is referred 

to as constant temperature operation. 

The calibration of the wire, and its use as an instantaneous mass flow 

meter are covered in a later section of this chapter. However, due to 

calibration requirements the wire was supported in a two-axis traverser. 

Each axis was connected to a digital vernier gauge indicating the X, Y 

co-ordinates of the wire within the instrumented volume. 

The hot-wire anemometer was constructed of a 1.78mm long, 10 pm diameter 

Pt-Rhodium wire for strength and frequency response in the pulsating 

flow. The wire was supported in a standard 'D.I.S.A.' hardware support. 

Similarly, the electronics were all standard 'D.I.S.A.' components and 

are specified in detail in Appendix I. The instantaneous voltage output 

from the hot-wire via the DISA electronics was fed to the buffer of an 

analogue to digital converter and from there to computer memory. 

- 67 



TORQUE MEASUREMENT 

The measurement of instantaneous torque was split into two separate 

measurements, the measurement of mean torque, and the measurement of the 

oscillating component of instantaneous torque. The electrical analogue 

is one of separating an electrical signal into its D.C. and A.C. 

components. The mean torque was measured using the same system that 

measured torque under steady-state running. This was the system 

supplied by Vibrometer S.A. and described in the preceding section. The 

measurement of instantaneous torque was deduced from the measurement of 

instantaneous rotor acceleration and rotor inertia. Instantaneous 

acceleration was itself derived from the measurement of instantaneous 

speed. Thus, instantaneous torque was derived from the measurement of 

instantaneous speed. Expressed mathematically : 

= T + T - ( 2 . 1 ) 

such that T. dt = T . X - ( 2 . 2 ) 

or alternatively 

where 

T dt = 0 -(2.3) 

T^= instantaneous torque, Nm. 

T = mean torque over the cyclic period, 

Nm. 
I 

T = perforbation of torque about the mean, 

Nm. 

T = 1.8 -(2.4) 

0 ^ A9 
At 

-(2.5) 

where 8 = 

I = 

instantaneous angular acceleration, 
2 

rads/sec 
2 

rotating group inertia, kgm 
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0 = instantaneous angular speed, rads/sec. 

A s = change in angular speed over the sample 
period, rads/sec. ( A 9 « 9 ) 

A t = sample period « cyclic period, sec. 

^ = cyclic period, sec. 

2.1 + 2.4 + 2.5 = 

T. = T + I. A G -(2.6) 
"ST 

The measurement of instantaneous speed was achieved by an inductive 

proximity sensor and a six tooth wheel mounted on the dynamometer rotor. 

The six-tooth wheel was the same as the one employed for steady-state 

measurement, but the inductive proximity sensor was different. The 

probe was mounted on a radial line and could be adjusted such as to vary 

the gap between wheel and probe. The probe incorporated internal 

electronics which converted the induced analogue voltage (from the 

passing of a metallic edge) to a square wave digital signal whose 

leading and trailing edge corresponded to the zero voltage crossing of 

the analogue signal. This square, digital wave was transmitted to a 

digital recording device. 

The digital output from the inductive probe corresponded to the passing 

of the leading and trailing edges of the square tooth form on the sixth 

tooth wheel. This digital signal was fed to a purpose built electronic 

recorder, called the transient speed recorder, which measured the period 

of each 'square wave'. A full description of this module, its circuit 

diagrams and detailed operating processes is placed within Appendix I; 

only a brief description is given here. The transient speed recorder 

measured the period of the digital square wave by comparing the signal 

with a much faster reference digital clock. 

The number of reference clock pulses in one induced pulse was counted 

and the accumulated total transferred to memory as a measure of the time 

period. This process was repeated for each tooth until 1000 numbers 

were collected. 
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The difference between each number was a measure of the mean 

acceleration of the dynamometer rotor over one sixth of a revolution, 

and thus the oscillating component of torque. These numbers were 

transferred to computer memory. 

2.2.3 OTHER INSTRUMENTS 

GENERAL 

Around the test facility, several thermocouples had been inserted into 

the flow to monitor the performance of the air supply system. These 

served as indicators of overall thermal equilibrium. Similarly, 

surface, self-adhesive, irreversible temperature indicators were 

attached around transducers and the dynamometer to give a visual 

indication of maximum metal temperatures. 

VIBRATION 

As mentioned earlier, an acceleromdtr placed on top of each of the 

bearing housings served several purposes. 

- An indicator of the level of out-of-balance of the rotating group. 

- A monitor of bearing condition and deterioration with time. 

- An indicator of near resonance (critical speed) operation. 

The accelerometer was a piezo-electric accelerometer bolted to the 

bearing supports. Both the accelerometer, charge amplifier, indicator 

and associated electronics were manufactured by Vibrometer S.A, and 

there full specification can be found in Appendix I. 

The output from the vibration monitor was a direct measure of vibration 

velocity and was displayed on the operators panel with maximum vibration 

levels marked in at various speeds. The accelerometer's output was 

filtered and integrated to give velocity. The velocity signal was then 

rectified and averaged over a pre-selected frequency range. This type 

of averaging was employed due to its simplicity, cost and low response 

to noise, and is typically employed for comparative purposes. 
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Although not an ideal peak vibration monitor, the output could be 

calibrated to display peak values using more sophisticated equipment and 

a dynamic shaker. 

UNSTEADY AIR PULSE GENERATOR 

The pulse generator was driven by a 125 watt D.C. electric motor 

supplied through a variable speed thyristor controller. The frequency 

of the air pulses were measured via an inductive probe on the rotating 

discs, and displayed directly on a frequency meter. 

2.2.4 DATA PROCESSING INSTUMENTS 

The instrumentation employed in the data processing system, shown in 

Figure 2.11 consisted of many proprietary components. The 'INLAB' 

modules were all part of one single unit which interfaces digital, 

analogue and thermocouple signals with an Acorn BBC-B microcomputer. 

This covered all steady flow test measurements with additional 

information being entered by hand to the computer. Additional 

instrumentation of two transient recorders and a purpose built transient 

speed recorder, acted as buffer memories for the high-speed signals 

during unsteady flow tests. All the specification of these modules and 

recorders are placed in Appendix I. 
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2.3 CALIBRATION 

2.3.1 STEADY STATE CALIBRATION 

TORQUE 

The dynamometer has been modified to allow torque calibration to occur 

during operation in addition to the conventional static calibration. 

For the conventional static calibration, accurately machined extension 

arms support small weighing cradles in which known masses can be placed. 

The output of the load-cell was displayed directly in Nm, so as the 

whole torque measuring system was calibrated from applied load to 

indicated reading. Two calibrations were performed statically, the 

first was the linearity of the output across the full scale, and the 

second was the measurement of offset. Both parameters were correlated 

against temperature with the effect of temperature on linearity proving 

to be negligible. This was not so for the offset hence an additional 

calibration technique had to be employed - offset calibration during 

operation. 

The calibration of a conventional eddy-current dynamometer requires that 

the excitation field be switched off during calibration so as the 

applied torque comes only from the calibration weights. If, as was the 

case here, temperature drift effects the load cell and that during 

operation the dynamometer and its surroundings experience slow thermal 

transients, 'in-situ' calibration with the braking excitation field 

still active was required. The modified dynamometer allowed the load 

cell to become load free without the braking torque being removed from 

the rotor. Whilst the load cell was free, the offset could be nulled. 

This action was achieved by an electro-magnetic solenoid lifting the 

torque reacting arm away from the load cell. The load was then 

re-applied to the nulled load cell and the correct torque read from the 

torque meter. In this way the effect of temperature on the offset 

signal was eliminated. 
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Hysterisis in the load cell calibration can be attributed to friction 

within the trunnion bearings and stiffness in the electrical and water 

cables connecting the floating dynamometer to the fixed bench. At 

operating temperature this has to be, and was found to be, negligible 

and a check forms part of the calibration. 

PRESSURE 

The 'Scanivalve' pressure channel selector unit incorporated one 

strain-gauge pressure transducer. As this one transducer serves 25 

pressure channels, (all the requirements for steady pressure 

measurement) only one calibration was required for all pressure points. 

This was achieved by the use of a compressed air bottle, water and 

mercury manometers. Both rising and falling pressure calibrations were 

completed to firstly Im of water and then Im of mercury. The effect of 

temperature on the remotely sited transducer was negligible. A small 

voltage is produced at zero pressure, this was the offset due to the 

bridge imbalance. This was not affected by temperature or pressure but 

represented a simple shift of voltage which had to be deducted from all 

measured voltages. 

Unsteady pressure in each turbine entry was measured with a strain-gauge 

transducer which was calibrated statically, using a dead weight tester. 

The transducers were water-cooled and a check on temperature drift 

revealed a negligible effect despite a 127°C air temperature. 

TEMPERATURE 

Temperature calibration consisted of a two point test, ice/water mixture 

for 0°C and boiling water for 100°C, for all thermocouples. The 

thermocouple was assumed to obey its characteristic 'E' type curve, 

BS4937 (54), between these two points and on to 150°C. 'E' type 

compensation cable was used throughout, with the voltage meter and zero 

reference junction remotely sited in an isothermal zone. 
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SPEED 

The dynamometer rotor speed display was calibrated first against a 

calibrated frequency meter by substituting a frequency generator for the 

rotor inductive pick-up. Later the dynamometer was rotated and a 

tachometer used to compare displayed rotor speed with tachometer 

reading. This ensured the probe was placed close enough to the toothed 

wheel so as not to cause a loss of signal at the extremes of the speed 

range. 

MASS FLOW 

ISO 5167 (49) comprehensively covers the accuracy of the use of an 

orifice plate type differential pressure flow meter and obviates the 

requirement to calibrate the meters by following the standards and 

accepting the errors therein. The test facility also allowed a double 

check, as the sum of two flowmeters equalled the third. The calibration 

of upstream density and differential pressure drop are covered in the 

calibration of steady pressure and temperature measurements. 

2.3.2 DYNAMIC CALIBRATION 

The dynamic calibration of both the pressure transducers and total 

temperature thermocouples was not attempted. Dynamic calibration of the 

pressure transducers is unnecessary due to the characteristics of the 

connecting passage reducing the response of the pressure measurement to 

that of the passage. The deterioration of the signal due to dynamic 

effects was considered an error and was quantified by reference to the 

literature, ref Japiske et al (53). 

TORQUE 

Dynamic torque calibration consisted of two tasks, the first was 

calibrating the transient speed recorder for the oscillating component 

of torque, the second was calibrating the load cell for the mean 

component of torque. 
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Taking the second task first, this was a simple repeat of the static 

calibration of the load cell. Figure 2.13 shows the relationship 

between braking torque and dynamometer speed for a fixed field 

excitation level. This shows that for a \% change in speed a 0.56% 

change in torque would be recorded. As mean torque was assumed constant 

this constitutes an error on top of the error associated with the static 

calibration. 

The calibration of the transient speed recorder, with the speed 

inductive probe replaced by a frequency generator, ensured that the 

signals from the probe were faithfully recorded and not subjected to 

electrical noise. All electrical equipment was switched on and the 

frequency generator was recorded by the transient speed recorder. Using 

a stable frequency generator, the resolution of the result about the set 

frequency was ±1 digital count. Similarly, the 50 MHz reference clock 

fitted in the transient speed recorder must be stable over the sample 

period to within ±1 count. This was also checked to verify the 

manufacturer's claims. 

Two additional calibration checks can be employed on the experimental 

results. Firstly, the mean of the speed oscillations should correspond 

to the speed signal displayed by the separate Vibrometer S.A. 

tachometer. Secondly, the mathematical equality, 

T d t = 0 -(2.2) 

0 

defined earlier still holds, i.e. the dynamometer was in dynamic 

equilibrium during the test. 

MASS FLOW 

The calibration of the instantaneous mass flow meter can also be 

separated into two distinct tasks, firstly the calibration of the hot 

wire anemometer, and secondly the calibration of a hot wire anemometer 

when employed as a transient mass flow meter. 
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The calibration of a hot wire anemometer is extensively covered in many 

texts, ref Bradshaw (55), Arcoumanis et al (56). Concentrating on this 

particular application, the hot wire calibration was conducted 'in-situ' 

at operating conditions of pressure, temperature and velocity (strictly 

Re and Pr number) using a constant temperature, commercially available, 

hot-wire anemometer. All subsequent data reduction was by software as 

opposed to by direct electrical hardware. King's law was employed, 

though with a modification to correlate wire voltage against the 

product, density times velocity, the requirement being to measure mass 

flux (m/A) not simply velocity. 

Over a range of pressures (1 to 3 bar absolute), velocities (0.02 to 0.4 

Mach number), and at a constant air temperature (400°K), using a 

constant temperature hot-wire anemometer with length 1.78mm and 10 pm 

diameter, the heat transfer relationship between wire and local flow 

reduced to : 

Nu = f (Re, Pr) -(2.7) 

where Nu = Nusselt number, h.d -(2.8) 

Pr = Prandlt number, Cp.jj^ -(2.9) 

Re = Renolds number, ^„.u.d -(2.10) 
A -fg: 

Hg 2 

h = convective heat transfer co-efficient, W/m .°K 

d = diameter of hot wire, m 
3 

= local density of gas, kg/m 

jjg = local viscosity of gas, kg/m.s 

kg = thermal conductivity of gas, W/m.°K 

u = local velocity of gas, m/s 

Cp = specific heat at constant pressure of gas, J/kg.°K 

Prandlt number was assumed to be insensitive to small temperature 

fluctuations and was dropped. The Nusselt number can be reduced further 

by considering the electrical/heat power balance. 

W = h (TT.d.l).(T, - T^) -(2.11) 
w y 
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where W = electrical power, Watts 

= temperature of wire, constant, °K 

Tg = temperature of gas, °K 

1 = length of hot wire, m 

(V = output voltage, volts) 

hence, for a given wire at constant air temperature. 

Nu = W ^ -(2.12) 

( T ^ - T g ) 

Similarly : 

Re = _fg-u.d o< ^g.u -(2.13) 

" p T 

thus : 

/ ' f (p„.u) -{2.14) 

The most commonly quoted relationship of the above function was first 

quoted by King (55) and is referred to as King's law. 

= A + B (^g.u) -(2.15) 

which is generalised to : 

= A + B (^g.u) " -(2.16) 

where A,B = King's law constants 

n = King's law exponent, 0.45 - 0.55 

Integration over the duct revealed an area mean value of (^.u) which 

could be correlated by continuity to the mass flow per unit area through 

the duct, given by the orifice plate. Several mass flows were 

correlated against integrated total duct traverse data to find the three 

King's law variables A, B and n. 
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Reference to the literature, Bradshaw (55), suggested restrictions on 

the range of the exponential n to 0.45 to 0.55. If the King's law 

correlation is repeated for various values of n, with exponent n plotted 

against the standard deviation of the calibration results about the best 

fitting straight line, the minimum standard deviation indicates the 

best choice of n. By not forcing a value of n upon the calibration, 

correlation accuracy will not be compromised. Similarly, should 'n' lie 

outside the range quoted in the literature, the wire was replaced. 

Any averaging process across the turbine inlet duct benefits in accuracy 

with the number of discrete points, and their location with respect to 

velocity gradients within the flow field. Tchebychev (48) quantified 

this problem with a pre-determined grid based on an assumed symmetrical 

flow profile existing in the duct. This was not the case in the turbine 

inlet duct under unsteady flow, the grid points employed were a 

refinement of a 45 point grid into a 27 point grid. This minimised the 

number of points without compromising accuracy and allowed the measuring 

positions to be biased towards large velocity gradients, exclusively 

near the wall. Similarly, any integration technique across the duct has 

to include an assumption between the last measured point near the wall, 

and the zero velocity at the wall, regarding the shape of the velocity 

profile. Von Karman's relationship (49) was employed between the last 

point and a smooth wall. Von Karman's relationship concerns the 

variation of fluid velocities in the peripheral zone. 

\ -(2.17) 

where V^ = velocity at x 

V^ = velocity at nearest point to wall 

x = distance from wall, < a 

z = distance from wall to first measured point 

m = 4 (rough wall) to 10 (smooth wall) 

BS1042. Section 2.1. 1983 Annex F 
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Calibration of the hot-wire had to be repeated frequently due to dust 
and microscopic debris adhering to the "heated" hot-wire and -affecting 
the overall forced convection heat transfer co-efficient. By placing 

the wire in the centre of the turbine inlet duct and noting wire voltage 

against mass flow, a check on the calibration was performed every test 

day. A gradual shift in the King's law constants showed the effect of 

dirt. 

The second task was to calibrate the instantaneous mass flow meter which 

used a known hot-wire anemometer. This was achieved by placing the 

probe in each one of the measuring positions (27 were employed in the 

turbine entry inlet duct) under pulsed flow at a representative 

pressure, temperature, frequency and flow. At each point the voltage of 

the wire was monitored against time and stored on the computer. All 27 

points were recorded on a common time base, allowing the data to be 

rearranged in terms of 27 voltages at a given moment in time throughout 

the air pulse period. Using the results of the first calibration, the 

27 voltages were converted to 27 " ^ . u " 's which were integrated across 

the traversing plane to give an instantaneous area mean " ^.u". This 

was in effect the instantaneous mass flow per unit area. 

This integration could be continued over the air pulse period by 

including time to give a total " ̂ .u" per air pulse cycle. This third 

integration allowed a comparison to be made between the orifice plate 

and the integration result. Expressing this equality mathematically : 

^duct 
X 

^.u dxdydt = m -(2.18) 

2 
where ^duct ~ cross-sectional area of duct, m 

X = air pulse cyclic period, sec 

L = height of duct, m 

W = width of duct, m 

X = height co-ordinate, m 
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y = width co-ordinate, m 

t = time, sec o 
^ = density of air, kg/m 

u = velocity of air, m/s 

m = mass flow of air, kg/s 

and adding King's law 

1 

^duct 

A O 

( - A ) " dxdydt = m -(2.19) 

Again using Von Karman's approximation between the wall and the nearest 

measurement. 

The calculated mass flow was not truly equal to that given by the 

orifice plate as an orifice plate's reading is highly affected by 

pulsating flow. The degree of damping (a function of volume and 

pressure drop), offered by the test facility and the air pulse shape can 

give a qualitative answer to the level of accuracy of an orifice plate 

in pulsating flow. Applying an adaptation of Hodgkinson's theorem 

(48,49), the accuracy of the equality was assessed, providing an upper 

and lower error bound. 

Returning to an earlier paragraph, integration of ^ .u across the duct 

provided an instantaneous measure of mass flow through the duct. The 

second calibration relates this measure of mass flow to that implied by 

a single measuring station. 

The use of a single point measurement of velocity to deduce mass flow 

has been the subject of part of an international standard, I.S.0.5167 

(49), but can only be employed when sufficient upstream pipe length 

ensures a flow independent velocity profile. Under these conditions, 

the ratio between a point velocity and the mean velocity remains 

constant at Reynolds numbers above a quoted minimum. 
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The mean velocity is defined as that velocity which gives the actual 

mass flow rate through the pipe assuming a constant velocity in the 

pipe. In order to approach typical engine exhaust pressures at turbine 

inlet, the volume downstream of the air pulse generator was too small to 

ensure the standard's conditions were approached. Hence, in order to 

determine the relationship between a point measurement and the duct 

average at an instant in time, a calibration was required to determine 

the relationship experimentally. The ratio of the mass flow through the 

duct to that deduced from a voltage measured at the central point was 

called "K". This second calibration determined "K" as both 

instantaneous mass flows and central position voltages were known from 

the 27 point duct traverse. The results of the hot-wire calibration are 

presented in Chapter 3. 
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2.4 EXPERIMENTAL PROCEDURE 

Operation of the test facility has prompted from continued research 

activities the publication of an "operator's guide". Part of the guide 

describing step by step operation of the test facility is contained 

within Appendix II. A summary of the principal points of procedure are 

contained within this section. 

2.4.1 BALANCE/VIBRATION/CRITICAL SPEED 

The accelerometer served both as a condition monitor as well as a 

balancing machine. The reduction of rotating group out of balance was 

an important feature in ensuring successful operation of the 

dynamometer. Figure 2.14 shows the expected output from the 

accelerometer (vibration velocity) against rotational speed, and also 

the prerequisite levels of balance quality. Below the critical speed 

zone, the reading on the accelerometer had to be below 0.4 mm/sec before 

proceeding to higher speeds. This was an empirical limit and was chosen 

from experience. Before and after testing this criterion was checked to 

ensure the dynamometer was fit for service. 

A permanent record was kept of the vibration readings during the course 

of the experiments, as both a monitor on bearing condition as well as an 

indicator for re-greasing of the high speed ball bearings. Figure 2.14 

shows the degradation of the signal until bearing inspection and 

re-greasing/replacement was required. 

The majority of testing was above the critical speed of the dynamometer. 

Fast acceleration through this area did not cause large vibrations. 

This was possible because the damping within the bearings slows the 

build-up of oscillations, with the consequence that it takes a finite 

time to achieve resonant amplitudes. Unfortunately, the low levels of 

damping within the bearings necessitated a fast acceleration, achieved 

by momentarily switching off the braking load below the critical speed 

and re-applying it above. Following this procedure, the critical speed 

zone, 19-24,000 rpm, caused no difficulties. 

- 82 



2.4.2 DYNAMOMETER SPEED/POWER ABSORPTION/COOLING 

The eddy-current dynamometer was a power and speed limited device. 

However power was not displayed directly, but torque and speed 

separately. Calculations of power absorption beforehand avoided 

exceeding the 12kW limit. Excessive power developed excessive heat 

within the stator of the dynamometer, bursting rubber '0' ring seals and 

allowing cooling water into the greased bearings. During the course of 

testing, dynamometer water exit temperature was monitored to ensure 

excessive heat was not developed. Increasing the turbine expansion 

ratio could easily cause the dynamometer to overspeed, and also 

increasing load to avoid over-speeding could overheat the dynamometer. 

Changes in flow rate by controlling the main regulator valve were 

cautious to avoid over-speeding or acceleration/deceleration into the 

critical speed zone. Similarly, when operating the partial admission 

valves and switching on the air pulse generator for unsteady tests, 

caution was required. 

2.4.3 DYNAMIC/THERMAL EQUILIBRIUM 

The experimental results were based on the test facility achieving 

dynamic equilibrium, absorbed torque equaling generated torque, 

rotational speed appearing constant. As this is an ideal condition, 

dynamic equilibrium was considered to be achieved when over the course 

of the test, turbine rotor speed varied by less than two per cent. The 

procedure was to measure turbine speed at the beginning of the test and 

again at the end. 

Thermal equilibrium however took approximately H hours to achieve from 

rest. At this point all the test facility pipework had reached 

operating temperature, and the heater controller could respond to 

changes in flow rate during testing. Total turbine inlet temperature 

was set at 400°K, before testing could continue this condition had to be 

stable to within ±0.3°K. The time for each test was short compared with 

that achieving equilibrium. One of the principal uses of thermal 

insulation was to shorten the time to reach thermal equilibrium. 
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2.4.4 DATA ACQUISITION 

STEADY FLOW TESTS 

All the required measurements of pressure (differential or gauge) and 

temperature were displayed on the main panel. Speed (start and finish), 

load (with calibration check) and vibration level were also displayed 

and noted. Ambient pressure and temperature were measured with a wall 

mounted barometer and thermometer in the test laboratory. 

UNSTEADY FLOW TESTS 

To ensure success a dummy run was conducted before testing began to 

check all instruments were operating correctly and that offsets were 

correctly set. An unsteady flow test required a repeat of the steady 

flow test procedure along with initiating the high-speed data 

acquisition system by pressing one button, this transfered all high 

speed data to memory buffers. The subsequent transfer of buffer memory 

to computer memory could be completed after the test using computer 

software. 

At the end of testing, a hot-wire anemometer calibration check would be 

conducted as well as a load cell calibration check. This was to ensure 

any drift in calibration was noted. 

2.4.5 SAFETY SYSTEM 

The automatic safety system had to be armed to allow testing to begin 

and required no attention. Should any one of the eight monitoring 

points reach a pre-determined condition the safety valve was activated. 

Application of a large braking load brought the turbine to a quick halt. 
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FIGURES 2.2 Two stage air filter fitted in the test facility. 
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CHAPTER 3 

ERROR ANALYSIS 

INTRODUCTION 

This chapter contains the background to, and application of, an error 

analysis to the experimental results obtained from the test facility 

described in Chapter 2. 

The first section describes the statistical argument behind a 

generalised uncertainty equation. This equation is applied to the 

analysis of the experimental results to investigate the consequence of 

transducer measurement error on derived parameters such as efficiency, 

U/C ratio, non-dimensional mass flow...etc. This leads to new sets of 

equations relating individual measurement errors to the errors in 

derived data. These error equations are in the third section, the 

second section lists the data reduction equations used in the 

experimental analysis. As the data reduction equations combine with the 

generalised uncertainty equation to produce the equations of section 

three, they are presented first. 

The results of the error analysis, through the application of the 

equations of section three, are presented in Chapters 4 and 5 along with 

the steady and unsteady flow results. 

The error analysis requires as an input, an estimate of the tolerance or 

uncertainty of each transducer measurement. The fourth section 

considers each measurement and appropriate transducer, and summarises 

the individual errors associated with operator, instrument, calibration 

and application for both steady and unsteady flow conditions. This 

section also contains the calibration results of the transducers. The 

fifth section summarises the findings of section four. 
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3.1 ERROR ANALYSIS - STATISTICAL BACKGROUND 

An estimation of the accuracy of a single parameter consists of first 

determining the likely magnitude of all the errors associated with the 

parameter, and combining them to calculate the resultant cumulative 

error. The difference between the measured and true value can be 

reduced by taking several measurements or by using multiple transducers, 

but this was only possible with mass flow measurement in the test 

facility. All other measurements relied on a single transducer taking a 

single measurement. This type of uncertainty analysis is known as 

single sample uncertainty analysis and is discussed by Moffat (58). 

In combining these measurement uncertainties, the following section 

presents a statistically derived equation which combines the individual 

uncertainties or errors to find the resultant error in the associated 

parameter. These individual errors consist of both an offset from the 

truth, and a distribution of reading about the offset. It is a 

requirement of the analysis that the offset or bias error is much 

smaller than the scatter or precision band error about the mean reading. 

Moffat (58) claims this to be the case with time through progressive 

refinement of the experiment. 

When considering a single derived parameter, a defining equation 

describes the relationship between the individual variables and the 

parameter. These variables may be themselves a function of other more 

fundamental measurements, and one fundamental measurement may appear in 

more than one variable. The original defining equation is re-written in 

terms of the fundamental measurements to ensure the errors in these 

measurements appear independently. This is a requirement of the 

analysis. Similarly, the analysis follows the assumption, Chatfield 

(57), that second and higher order effects, i.e. from the rate of rate 

of change of the functions, are negligible. 

An estimation of the uncertainty of each fundamental measurement is 

required. This tolerance or precision error can be expressed in two 

ways:-
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A quantity X has an error ±SX, such that the true value of X equals : 

X^ ± SX , where X^ is the measured value or -(3.l) 

X^.(l±r), where r = ±&X/X -(3.2) 

The tolerance being defined either as absolute, ±SX, or as a percentage 

of the apparent value, ±r. Whichever definition is employed, the ± 

limits of the tolerance band about the apparent value defined with 

certainty the limits in which the true value lies. 

The error is considered to be rectangularly distributed about the 

apparent value with equal probability. The measurements taken within 

this study were not repeated many times to build up a statistical 

distribution about a mean, but are single samples. The ± limits do not 

represent any percentage confidence limit as is usual with a normally 

distributed case. When rectangularly distributed values are combined 

with normally distributed values, a common assumption is to consider the 

rectangularly distributed limits as equivalent to the 95% confidence 

limits of a normal distribution, ref B.S.1042 (49). This allows the 

combination of tolerances to be considered as combining normally 

distributed values to produce a normally distributed result, and thus 

employing established relationships. The combination of rectangular and 

normally distributed values, or simply rectangular ones, introduces 

complexities. For the purpose of this study by assuming normally 

distributed relationships, the resultant tolerance band is the ± limits 

in which the true derived parameter lies. 

3.1.1 THE UNCERTAINTY EQUATION 

Suppose X is a function of several independent variables 

X - f( ^2» ^2' ) 

the uncertainty in X can be written as, 

- ( 3 . 3 ) 
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or relatively, _S_X X 

X 

( 3 . 4 ) 

X W i ^ V II i 

Combining the individual uncertainties or tolerances, assuming each to 

be relatively small ( S X < 0.26X, ref Chatfield (57)), normally 

distributed and with equal weighting, 
i 

g X = 

or relatively. S X - 1 

, ref Moffat (58) Chatfield (57) 

-(3.5) 

( 3 . 6 ) 

- the uncertainty equations. 

By example, consider the simple case: 

X = . ^2^ ^i" 

2 2 T 
g X = /^aX.S^i \ +lhX^}6^\ + 

H 1 1 [ fi 

- ( 3 . 7 ) 

- ( 3 . 8 ) 

or relatively. 

11 = 
X 

a.S^j\ + / ^ 2 , 1 +• . •( n • 5^' 

01 2 

1. 

^ 7 

( 3 . 9 ) 

illustrating the simplicity of combining individual precision errors to 

find the net precision error. 
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3.2 EXPERIMENTAL DATA REDUCTION 

This section presents the equations employed to reduce the measurements 

of pressure, load, speed and temperature to the required parameters of 

efficiency, blade speed ratio and non-dimension flow. The equations are 

presented first for full admission and subsequently for partial 

admission. All the symbols employed are defined in the Notation 

section. 

3.2.1 FULL ADMISSION 

Under full admission = P^j^ = P^^ 

Turbine total to static pressure ratio = P^^/P^ -(3.10) 

where Pg, the static turbine exit pressure, is assumed equal to the 

barometric pressure in the test facility laboratory. No exit piping is 

employed. 

Total mass flow rate, "^total = + m^ -(3.11) 

Total inlet temperature is held constant in both entries throughout 

testing. 
T = T , = T oa ob 01 

. Non-dimensional flow = (m^ + triĵ) / f ^ f j -(3.12) 

1 ^ 7 

Non-dimensional speed = N / D \ -(3.13) 

. U/C, blade speed ratio = N . (D/2) -(3.14) 

7 2 . CP . T„, (1 
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, total to static efficiency = 

_ u : i - y _ -(3.15) 
(ifig + % ) . cp . (1 - j p ^ y r ) 

P I 

Cp and if are calculated at 

3.2.2 PARTIAL ADMISSION 

Under partial admission is not necessarily equal to and the 

calculation of efficiency and blade speed ratio has to be generalised to 

suit both partial and full admission conditions. 

Turbine isentropic power is the sum of the isentropic power due to the 

expansion from entry A to turbine exit, and the isentropic power due to 

the similar expansion across entry B and turbine exit. Considering a 

total to static process:-

Total turbine isentropic power = 

"a • CPa • Toa ( 1 - + % ' ^Pb • Tob < 1 " / f o b t ^ 

hence. 
7 ts 

% • CPa • T„a ( 1 - + % • CPb ' T.b < ' ' <3.17) 

and U/C = 

. (D/2) 

2 k • CPa • T„a ( 1 - + % • CPb • Tob ( 1 

"a + ™b 
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In the test facility, and Cp^ = Cp^ = Cp , so equations 

(3.17) and (3.18) reduce to: 

ts 
. T 

. Cp . T„, ( 1 

Pi 

+ liu . Cp . ( 1 
, 1 = 1 
f o b f > -(3-19) 

and U/C = 

(D /2 ) 

2 / m , . Cp . ( 1 . Cp . ( 1 
—oa. 
Pa 

01 

% + % 

-(3.20) 

Equating the total isentropic power to an equivalent full admission 

isentropic power we are able to define a "mean" turbine pressure ratio 

PR under partial admission; 

^ - CP . T„, ( 1 - g o a T ' + 1% • Cp • T„, ( 1 

1-y 
= ( m, + m k ) . Cp . ( 1 - (PR) « ) "a '"b 

i.e, m 
1-y 

p f + 

( % + %) \ Pi 
_oa_ ™ b _ - L V 

(A, + VPj 
(PR) 

¥ 
- ( 3 . 2 1 ) 

- ( 3 . 2 2 ) 

PR, an energy mean total to static turbine ratio reduces the efficiency 

and blade speed ratio equations for the test facility under partial 

admission to familiar full admission form; 

I 
ts 

-(3.23) 

( ™ a + % ' Cp To, ( 1 
1-y 

- (PR) y ) 
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and, U/C = N . (D/2) -(3.24) 

7 1 3 " 
y 2 . Cp . ( 1 - ( P R ) ^ ) 

Considering (3.23) and (3.24) at the two extreme test conditions; 

1) Full admission. P = P , = P 
oa ob 01 

(trig does not necessarily equal m^) 

From (3.22) ^ 

P j \'"a ™b' K """b' 

hence, _Po, PR -(3.25) 

thus, (3.23) reduces to (3.15) and (3.24) to (3.14). 

2) One turbine entry flowing only. mĵ  = 0, m^ = total mass flow, 

Poa:> Fob- From 
= PR -(3.26) 

P. ' 

consistent with (3.14) and (3.15) for a single entry type turbine. 

In both these extreme test cases, equations (3.23) and (3.24) reduce to 

the correct thermodynamic relations and are thus used to calculate 

efficiency and blade speed ratio under all test conditions. 

Additionally under partial admission we can define: 

. Turbine entry A total to static pressure ratio = P^^ -(3.27) 

~Pa " 

Turbine entry B total to static pressure ratio = _P̂ |̂  -(3.28) 
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Non-dimensional flow through entry A = m / T " . -(3.29) 

"If 

Non-dimensional flow through entry B = m ^ - ( 3 . 3 0 ) 

" i f 

Blade speed ratio, entry A, (U/C)^ 
a 

. (D /2 ) - ( 3 . 3 1 ) 

1-y 
' CP . ( 1 - ) 

.P, 

Blade speed ratio, entry B, (U/C)^ = 

N . (D/2) -(3.32) 

2 • • To, ( 1 - ) 
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3.3 EXPERIMENTAL ERROR ANALYSIS 

In this section the uncertainty equations of section 3.1.1, eq(3.5) and 

(3.6), are applied to the experimental data reduction equations of 

section 3.2, eq(3.10 to 3.32). The full admission case is presented 

first followed by the partial admission case. 

The error in total mass flow measurement under steady flow was 

determined during the experiment by comparing the two independent 

measurements of mass flow with each other, and (m^ + n^). This 

could be employed during both full and partial admission steady flow 

experiments. 

"^'^total ' uncertainty in total mass flow = 0.5 ( - (n^+m^) ) 

- ( 3 . 3 3 ) 

All other uncertainties are based on the individual measurement errors 

described in section 3.4. These are: 

±iN, The rotational speed measurement error. 

±ST, The load cell, torque measurement error. 

±ST , The total temperature measurement error. 

±£P^, The absolute total pressure measurement error. 

The following errors are considered to be negligible; 

±£Pj , The barometric pressure measurement error. 

±fD, The turbine rotor diameter measurement error. 

±SR, The thermodynamic table error for the gas constant. 

±fy, The thermodynamic table error for the ratio of specific 

heats. 

±(Cp, The thermodynamic table error for the specific heat at 

constant pressure. 
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3.3.1 FULL ADMISSION 

Applying the error analysis to equations (3.15), 

total 

total 

+ 1-X . / P 
1-2% \2 
" • _ f L P o , / P . i i - v 

(1 -

(Appendix III details the derivation.) 

- 0 1 -

2 2 
S P_ A + / CP, 

• 01. 

01. 

and as SP, is assumed negligible, (±0.05mm Hg) 

-(3.34) 

-(3.35) 

From equation (3.14) 

. &(U/C) 
/ f 

= u I ( i n \ + / i T , 
N 

.01 
2.T 

01 

+ / 1-y . 

I t 

1-2% \ 2 

P.I (1 -

From equation (3.12), 

(Non-dimensional flow) ^total ^ ̂  

01 

+ / S P. 
.01-

01 

total J 

"^total j 

(3.36) 

-(3.37) 
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From equation (3.13), 

. 2 

.& (Non-dimensional speed) = N . D . / / S N j + / ^^01* -(3.38) 

'K, A t / 

3.3.2 PARTIAL ADMISSION 

For partial admission, the substitutions 

for -(3.39) 

and, 

• ^ob f""- ^0, -(3-to) 
are made. 

By substituting equations (3.40) and (3.39) into equations (3.35), 

(3.36) and (3.37), 

f(U/C)a b , & (Non-dimensional )2^b and C(PQ^/P^) 

are defined for each entry under partial admission. 

For the calculation of the overall efficiency and blade speed ratio for 

the turbine, i PR, the uncertainty in the energy mean pressure ratio is 

required. This can then be applied to equations (3.34) and (3.36) by 

substituting S PR for ^ (P^^ /P^ ) to find the overall and S(U/C). 

PR was defined by mass weighting the respective inlet pressures P^^ and 

PQÎ  , equation (3.22). In order to satisfy equation (3.22), 

(mg/(mg + m^)) + (n^/fm^ + m^)) was employed rather than Hence, 

any mass flow error was not applicable to SPR. 

Applying the error analysis to equation (3.22): 

2 y - i r ; ii2x {2 : ; : i-n 

C P R = PR ^ ( !Î a_ /foa.^^ ^ ( % _ / f o b . ) -^-ob] 
^ a + \ P 2 / \PxJJ \ + m ^ ^ P i / \^Pa 

-(3.41) 

(Appendix III details the derivation.) 
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3.4 INDIVIDUAL MEASUREMENT ERRORS 

3.4.1 STEADY FLOW TESTS 

3.4.1.1. PRESSURE MEASUREMENT 

Wall static pressure measurements were made either side of the orifice 

plate measuring section with 1.5mm diameter holes in 101 and 75mm 

diameter pipes. Additionally, two total pressure probes measured the 

turbine total inlet pressure at each turbine entry. All these pressure 

tappings were connected to the "Scanivalve" pressure transducer. 

Negligible errors occur if the wall static pressure tappings are 

sufficiently small to avoid eddying, free from burrs, in subsonic flow 

and away from highly curved surfaces, ref Arcoumanis et al (56). Figure 

3.1 is taken from Rayle (72) and shows the effect of hole geometry, size 

and finish. With the very low velocities encountered at the wall static 

pressure tappings, the errors in wall static pressure due to the 

installation were negligible, and the principle source of error was 

considered to be the "Scanivalve" measuring transducer. 

In the case of the turbine inlet conditions, the total pressure probe 

was placed in the centre of the duct in a compressible, turbulent air 

flow. This type of probe is susceptible to errors resulting from 

misalignment, turbulence intensity, velocity gradient, wall proximity 

and probe blockage. Alignment to within ±10° of the flow direction 

causes negligible total pressure errors with this type of probe, ref. 

Gracey et al (73). Figure 3.2 also shows the error caused by transverse 

shear flows across the face of the probe, ref Gettlemen and Krause (74). 

Shear flows are present when streamlines become deflected by the 

presence of a wall near the probe. 

With careful assembly and alignment in the centre of the duct (where air 

velocities were found during testing to be less than 0.2 Mach number and 

turbulence intensities less than 6%) the 3mm diameter by 10mm long probe 

was considered to give a true total pressure. The principal source of 

error was, again, the "Scanivalve" pressure transducer. 
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The "Scanivalve" pressure transducer produced a small voltage at zero 

differential pressure. This was due to an imbalance in the Wheatstone 

bridge circuitry. To avoid any error introduced by this voltage, every 

time a pressure measurement is taken, a zero differential pressure was 

made. Deducting the two measurements corrects for the bridge imbalance. 

With ambient pressure on one side of the differential pressure 

transducer, gauge pressure was measured directly. To this is added the 

barometric pressure to give absolute pressure. 

Figure 3.3 shows the calibration curves for the "Scanivalve" pressure 

transducer. The pressure transducer was calibrated against mercury and 

water manometers using a compressed air bottle to pressurise the system. 

Two, fourth-order algorithms cover the data. These are based on 

minimising the sum of the deviations of the data from the fitted curve. 

The errors each algorithm introduced were small compared with the error 

of reading the height of a manometer, no better than ±imm. 

. Differential voltage reading error ±5pV, ±0.00023 bar 

. Manometer height error ±imm, ±0.0006 bar 

. Algorithm error ±0.0001 bar 

The ambient pressure was measured with a mercury barometer in the test 

facility to ±0.05mm accuracy (±0.00006 bar). Compounding these errors 

by taking the root of the sum of the squares 

. Absolute and gauge pressure error ±0.00065 bar from 0 to 2.3 bar. 

3.4.1.2 TOTAL TEMPERATURE MEASUREMENT 

Turbine inlet total temperature and upstream orifice plate entry 

temperatures were measured using exposed junction thermocouples. 

Errors in measurement of air temperature using thermocouples are 

principally radiation and conduction from the sensing junction. Errors 

due to conduction can be minimised by insulation of the heat path from 

bead to thermocouple support, or a reduction in the driving temperature 

gradient. 
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Errors in radiation become significant at high gas temperatures and 

large temperature gradients between support and junction. This effect 

was negligible in the test facility whilst that due to conduction could 

potentially cause upto a 2° lower reading, the inner wall temperature 

being close to the gas temperature. 

Total temperature probes additionally, in theory, bring the flow to rest 

isentropically at the thermocouple bead. Their ability to achieve this 

ideal state is often expressed as a probe recovery factor and reflects, 

as a function of Mach number, the probes deviation from the true total 

temperature. As the Mach number never exceeded 0.2 in the test 

facility, figure 3.4 from Japiske et al (53) indicates that in the worse 

case the probe typically read 0.8°K low. As no dynamic calibration was 

attempted, this was taken to be the recovery error due to the total 

temperature thermocouples in the test facility. Figure 3.4 cites a case 

of using a simple thermocouple without a shield as a total temperature 

probe. By employing a shield, the error can be reduced to 0.2°, 

however, it is assumed the shield design employed was no better than an 

unshielded thermocouple, and potentially recorded a maximum error of 

0.8° low. 

To these errors must be compounded the error in manufacture. Each 

thermocouple was calibrated at both 0°C and 100°C and its error 

expressed as the deviation in °C from the B.S.4937 calibration curve. 

The greatest deviation by any of the thermocouples was covered by a 

±0.3° tolerance band. 

Compounding these errors required separating the errors into an offset 

error and a tolerance band as both conduction and recovery errors always 

cause lower readings. 

Conduction. -1.0° offset ±1° tolerance band 

Recovery. -0.4° " ±0.4° " 

Manufacture - ±0.3° " 

Total -1.08° ±1.1' 

(square root of 

the sum of the squares) 
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The error analysis described earlier is only concerned with precision or 

tolerance band errors and is not capable of considering the effect of 

offset errors. This is a weakness of the simple statistical analysis 

when considering the total temperature measurement error. In order to 

compound the total temperature error into the error analysis only the 

tolerance band error is considered, ±1.1°. 

3.4.1.3. MASS FLOW MEASUREMENT 

The errors associated with the manufacture, installation and use of an 

orifice plate as a steady mass flow transducer are summarised in 

I.S.0.5167 (49). The errors of the standard's tables are compounded 

with those of the measurement of upstream density and differential 

pressure to calculate the resultant uncertainty in mass flow 

measurements. The process of compounding errors followed by the 

standard is identical to that described in section 3.1.1. and a 

companion standard B.S.5844 (59). 

At low flow rates, and hence low differential pressures, the relative 

error in mass flow was principally due to the measurement error in 

differential pressure. This led to a rising relative error with 

decreasing flow rate. 

Mass flow rate was measured twice in the test facility, either by two 

independent orifice plates or by three orifice plates were the sum of 

two measurements equalled the third. The mass flow error could be 

expressed in two ways. Firstly, as the difference between the two 

experimentally derived values, or secondly, as the compounded errors of 

the meters according to I.S.0.5167. Figure 3.5 displays the results 

from the test facility of applying these two methods. 

The analysis of I.S.0.5167 is statistically based on 95% of the likely 

errors falling within the standard's predicted bounds. Below 0.25 

kg/sec total flow, 93% of the experimental results fell inside the 

standard's limits. However above 0.25 kg/sec, all the experimental 

results fell outside the tolerance. 
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An error, not accounted for in the analysis of the standard, such as a 

leak, caused the measured error to exceed the predicted error. The 

actual measured error of every test is used as the tolerance band in the 

error analysis so as to ensure that the additional unpredicted error 

above 0.25 kg/sec was accounted for. 

3.4.1.4 SPEED MEASUREMENT 

The errors introduced by the calibration, operation and display of the 

rotational speed of the turbine dynamometer were all negligible when 

compared with the drift of speed during a test. The change in speed 

from the beginning to the end of the test far exceeded the compounded 

errors of the sensors and instruments, -±10rpm. Typically, during a 

test (which lasts one minute) the speed varied ±300rpm about the mean 

speed. 

During the experiment, speed was noted at the start and finish of the 

test, and this experimentally determined figure was used as the 

tolerance band for speed in the error analysis. A figure larger than 

±400rpm was considered to invalidate the criterium of a steady state 

test, and the test was repeated. Tests recorded tolerance bands from 

±200rpm to ±400rpm. 

3.4.1.5. TORQUE MEASUREMENT 

The error in torque measurement was the single most influential error in 

the calculation of turbine efficiency. An accurate appraisal of its 

measurement uncertainty was required, and this resulted in a calibration 

check being made before every series of tests. Additionally, the torque 

transducer was effectively nulled before every reading to reduce any 

offset error (section 2.3.1.). The torque transducer was found to 

suffer from a slow temperature related drift of the offset with time. 

Linearity and hysterisis were unaffected by temperature. 
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The calibration check involved checking full scale deflection and 

linearity over the full test range by adding a series of weights on 

radius arms to produce torques from 1/200 full scale (0.014Nm) to full 

scale deflection (2,8Nm), The weights were accurately known, as were 

the lengths of the radius arms, giving a compounded error of ±0.0005Nm. 

Also a check was made on the repeatability of a measurement due to the 

effect of hysteresis in the trunnion bearings. By careful assembly of 

the turbine dynamometer, the error due to hysteresis was negligible and 

considered equal to the analogue scale reading error, ±0.0025Nm. 

Similarly, when nulling the torque transducer, an error equal to the 

reading error applied. 

Bringing these errors together, illustrated in figure 3.6, 

Analogue scale reading ±Q.0025Nm 

Linearity of transducer ±0.005Nm 

Offset procedure ±0.0025Nm 

Hysteresis/Repeatabi1ity ±0.0025Nm 

Calibration ±0.0005Nm 

Total torque measurement tolerance band ±0.0066Nm 

These figures were based themselves on the mean of many calibrations 

before testing, the total uncertainty being between 0.0064 and 0.0068Nm. 

The accuracy of the torque measurement was not in the strain gauge 

transducer itself, but in eliminating the effect of the environment. 

The two principal mechanisms causing errors were temperature gradients 

within the transducer and friction in the trunnion bearings. 

3.4.2 UNSTEADY FLOW TESTS 

3.4.2.1 PRESSURE MEASUREMENT 

Instantaneous total inlet pressure was deduced from the measurement of 

instantaneous mass flow and instantaneous static wall pressure. The 

errors associated with instantaneous mass flow are covered in a later 
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section, this section considers the errors in the measurement of 

instantaneous static wall pressure. 

Figure 3.7 details the installation of the strain gauge pressure 

transducer. The connecting cavity between transducer diaphragm and duct 

wall degraded the maximum frequency response of the installation to 

below that of the transducer. Figure 3.7 also shows graphically from 

Japiske (53) the effect of such a cavity. These results were based on 

the pipe length supporting a quarter wavelength acoustic wave for the 

simple tubes, and acting as a simple Helmholtz resonator for the 

tube/volume combinations. For the installation in the test facility, a 

maximum frequency response of 2.5kHz was expected, which was below the 

11.5kHz of the transducer and well above the maximum test air pulse 

frequency of 80Hz. 

The calibration of the pressure transducers was conducted on a dead 

weight tester and the results are displayed in figure 3.8. An algorithm 

and its associated error are also shown for each calibration curve. The 

transducers were temperature compensated to 100°C, and in order to 

ensure the diaphragm was not overheated, a water cooled connecting 

passage was employed. With this passage the transducer's body 

temperature never exceeded 45°C. 

The manufacturer supplied additional sensitivity data, stating the 

hysterisis/1inearity error as ±0.001 bar, the offset/sensitivity error 

as ±0.003 bar. The second error was due to the change in thermal 

environment from calibration, 20°C to operation 45°C. 

Compounding these errors. 

Limiting frequency response 2.5kHz 

Static wall pressure measurement uncertainty, SP = ±0.0036 bar 

(7(0.001) + (0.003) + (0.0018)' ) 

The instantaneous total pressure uncertainty is the static wall pressure 

measurement error compounded with the mass flow measurement error. For 

the error analysis, the air is assumed incompressible:-
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Poa,b = Pa,b + i ' C ' U ^a,b ^ a . b ' ^ a . b ' ^ d u c t 

^oa,b ^a,b * _'I'a,b 

from equation 3.5 

2 ' C ' ^ d u c t 

i P oa,b (SPa.b) * ( h , b \ 

k ' A d u J 

Example:-

Taking the worst case: S rrig = ±0.0034kg/s = 1.76kg/m" 

rhg = 0.17kg/s = 0.00123m' 

S = ± 0.0042 bar. 
Oa 

Hence, the total pressure measurement error was a function of flow rate 

and varied from the static wall pressure measurement error to the 

maximum value above. 

3.4.2.2 MASS FLOW MEASUREMENT 

The instantaneous mass flow error, like the calibration could be 

separated into two stages. Firstly, the errors associated with the 

calibration and operation of a hot wire anemometer, and, secondly, the 

errors associated with the use of a hot-wire anemometer as an 

instantaneous mass flow meter. 

Section 2.3.2 described the 'in situ' calibration procedure of a 

hot-wire anemometer conducted under steady flow. A modified form of 

King's law was introduced, ^ n 

V = A + B (^.u) 

where A, ^ and n were determined through calibration at various values 

of V, voltage and corresponding mass flow per unit duct area, ^.u. Each 

wire had its own combination of A, ^ and n with the restriction that n 

must lie between 0.45 and 0.55, ref Bradshaw (55). 
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Errors associated with the calibration were due to the measurement of 

^.u, mass flow principally, the applicability of King's law to the data, 

and the resolution of the voltmeter measuring wire voltage. Varying the 

number of wire positions across the duct area (necessary for 

integration) had a negligible effect on measurement accuracy above 27 

positions, this work was reported by Mannan (60). A 27 position 'grid' 

was employed for all tests reported in this study. Figure 3.9 

illustrates the results of two wire calibrations, and the accumulative 

relative error in mass flow due to orifice plate mass flow measurement 

error, the deviation from Kings's law. and the voltage reading error 

(±0.005 volts). 

A calibration check had to be made at the end of every series of tests 

to assess the change in A and B (n assumed constant) due to 

contamination of the wire by dust and microscopic debris. The mass flow 

error caused by employing the original calibration constants with a wire 

that had been in the heated air flow for a period of 8 hours was 

typically ±1.2%. As this was equal to the net error due to the 

calibration procedure, the anemometer was check calibrated before and 

after a day's testing. B and n were found to be insensitive to debris 

with the principal effect being a falling value of A 

The second part of the error analysis of instantaneous mass flow 

concerns the errors associated with the calibration of the the hot wire 

anemometer as an instantaneous mass flow transducer. The calibration 

procedure for this task was also described in section 2.3.2. 

A 27 point traverse was made of the duct under unsteady flow test 

conditions. The integral over the cross sectional area of the duct at 

any moment in time is a measure of the instantaneous mass flow rate per 

unit duct area. Similarly, the further integral with respect to time is 

a measure of the total flow rate per unit duct area. This latter 

quantity was compared with the time mean flow rate recorded by the 

orifice plate in the single 101mm diameter pipe. 
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The difference between the mass flow deduced from the integrated hot 

wire traverse and that deduced from the orifice plate under unsteady 

flow was not a measure of the calibration error. The steady flow 

orifice plate error described earlier is inappropriate for unsteady flow 

and an alternative error analysis has to be adopted. 

I.S.O. 5167 describes the additional errors associated with the use of 

an orifice plate under unsteady flow. The slow response of the long 

lengths of pneumatic tubing connecting the orifice plate to the pressure 

transducer caused the effectively time-averaged orifice plate pressure 

differential to indicate a flow rate larger than the true time-mean 

value. In order that the standard's procedures are still appropriate, 

sufficient damping between orifice plate and air pulse generator had to 

be provided. This was calculated by reference to the Hodgson number, 

Ho, (49),(61) defined as : 

Ho = Vol . pd -(3.42) 

T / f P 

where; Vol = the volume of all the pipework between pulse 

generator and orifice plate. 

q^/f = the time-mean volume flow rate per pulsation cycle . 

f = the pulsation frequency 

pd = the time mean total pressure drop between the pulsation 

source and the source of supply i.e. at entry to the 

test facility. 

p = the absolute static pressure after the orifice plate. 

The pulsations in the gas flow are damped by a combination of volume and 

throttling between pulsation source and orifice plate. 

Damping will be adequate provided that, ref I.S.O 5167 (49),(61), 

Ho 0 .563 . 1 . - ( 3 . 4 3 ) 

y / w 

- 120 -



where: K = the ratio of specific heat capacities for the heated 

air. 

% r m s ^ root mean square value of the fluctuating component 

of the flow rate measured at the hot wire. 

Y = the maximum allowable relative error in the 

indicated flow rate due to pulsations. 

Applying these approximate relationships to the test facility, the 

orifice plate read a 0 to 1% higher mass flow at total turbine flow 

rates above 0.2kg/s to 0.4 kg/s, and upto a 0 to 2% higher mass flow at 

a total flow rate of 0.08 kg/s. These results came from considering 

typical unsteady flow tests where the instantaneous mass flow range was 

from 0.04 to 0.2 kg/s per turbine entry. The pulse generator developed 

a waveform such that y-nis^% varied from 0.14 to 0.21 over all flow 

rates. This was not typical of an engine's exhaust flow, but allowed 

the mass flow results to be cross-checked with the orifice plate. 

Figure 6.8 illustrates a turbine inlet pressure record obtained during 

partial admission, unsteady flow tests. Figure 7.17 (1500 rpm) 

illustrates an engine exhaust pressure trace obtained at a similar 

frequency on a similar turbine. The engine exhaust record covered over 

twice the range and operated at a higher mean pressure than the unsteady 

flow test results. 

When the mass flow deduced from the orifice plate was compared with that 

from the hot-wire anemometer, the uncertainty results of Figure 3.9 have 

to be simply added (according to I.S.O. 5167 (49)) to the offset error 

of the unsteady orifice plate results (0 to +2%). Provided the 

experimental results fell within this band, (bearing in mind the 

additional error covered later due to the single point measurement of 

mass flow), the instantaneous mass flow results from the hot-wire were 

considered valid. Figure 3.10 illustrates the error band along with 

unsteady flow test results. 

The error in the measurement of instantaneous mass flow was considered 

to be due to the calibration of the hot-wire anemometer covered earlier 

and the use of the anemometer as an instantaneous mass flow transducer. 
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Summarising the calibration procedure of Section 2.3.2, after an area 

integration of the hot-wire voltage at a given moment in the pulse 

cycle, the result is a measure of the instantaneous mass flow. During 

testing a traverse of the duct was not made, the hot-wire being 

positioned only in the centre of the duct. The second calibration 

relates the mass flow deduced by the central point to that given by the 

duct traverse. 

A ratio 'K' was introduced, the true mass flow per unit duct area 

divided by the mass flow per unit area deduced from the centrally 

positioned hot-wire voltage. 

rw 
K = 

r i 

0 dxdy = A a c t u a U 

2 \ — central 

X c e n t r a l - l - ^ 
B 

Figure 3.11 shows under steady flow a graph of K versus mass flow rate 

through one turbine entry. K is close to 1.00 at flow rates above 0.1 

kg/s but falls to 0.945 at lower flow rates. Figure 3.12 shows the 

results of two dynamic calibrations under unsteady flow. The 

superposition of these graphs on figure 3.11 revealed that K does not 

follow the steady flow calibration. A separate study, Mannan (60) 

showed this to be due to the mode of operation of the pulse generator, 

distorting the non-dimensional velocity flow profile when the pulse 

generator value was only partially open. K was not simply a function of 

(j>.u, following the theoretical case where K is a f(Re) only for fully 

developed flow, but also a function of pulse generator valve position. 

This was considered to be due to the insufficient length of pipe 

necessary to dissipate the high speed jet emerging from the initial 

narrow valve opening. 

The form of function employed for K expresses the pulse generator valve 

position non-dimensionally through ^.u: 

K = f(valve position , ̂ . u) 

° Y e - " i ' f-"min ' F " ^ -(3-45) 

C'^max ~ f ' ^ m i n 
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where: ^ .û . corresponds to the instantaneous mass flow per unit 

duct area. 

f ' ^ m i n corresponds to the minimum flow during the pulse. 

C'^max corresponds to the maximum flow during the pulse, 

^.u corresponds to the time averaged value of ^.u^. 

The minimum flow during the pulse corresponds to the momentarily closed 

pulse generator valve position, and the maximum flow to the fully open 

valve position. The graphs of figure 3.12 have a line drawn through the 

results which correspond to: 

K = 0.043 /^.u. - Y 0.000127 ( p ) + 0.957 -(3.46) 

C'^max " (^'^miny 

the calibration algorithm for K. 

The calibration algorithm is a straight line whilst the results of 

figure 3.12 formed a narrow loop. The error associated with 

approximating the loop to a line, was ±1.5% of K. This error is 

independent of flow and responsible for a ±1.5% error in mass flow 

solely due to the dynamic calibration of the single position, 

instantaneous mass flow transducer. 

Summarising the errors for the measurement of instantaneous mass flow, 

the calibration error of the hot wire anemometer was compounded with 

that of the calibration of 'K', and that due to contamination of the 

wire. Figure 3.13 illustrates the result, with each individual 

contribution shown. 

3.4.2.3 TORQUE MEASUREMENT 

The error in instantaneous torque measurement consisted of two 

components, the error in the measurement of mean torque, and the error 

in the measurement of the oscillating component of torque. The first 

component, the error in mean torque, has been covered in section 3.4.1.5 

as the error analysis is similar to that under steady flow testing. An 

additional error had to be included due to the oscillation of dynamometer 

speed and compounded to the ±0.0066Nm steady flow error already present. 
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A \% change in dynamometer speed resulted in a 0.56% change in braking 

torque, (stated earlier in section 2.3.2.), at a fixed field excitation 

setting. During operation on a high-speed diesel engine, the 

turbocharger turbine employed in this study undergoes a speed 

oscillation of upto 5% during an exhaust pulse, ref.(62,63). In the 

test facility, the inertia of the dynamometer was ten times larger than 

the turbocharger, and the exhaust pulse was lower in amplitude and 

range. This gave rise to typically a ±0.15% speed oscillation, 17 times 

smaller than the maximum on an engine, and hence an additional relative 

torque error of ±0.084%. Figure 3.14 illustrates the net percentage 

relative error in the mean torque component as a function of the 

dynamometer relative speed oscillation. 

The error in the measurement of the oscillating component of torque was 

a function of the error in the measurement of instantaneous rotational 

speed. It was assumed the inertia of the rotating group was known 

accurately. Section 2.2.2 described the hardware and digital 

instrumentation used in obtaining the measurement of instantaneous 

speed, section 2.3.2, the procedure of obtaining this measurement. 

Errors in speed were attributed to errors in the measurement of time, 

e.g. the resolution of the digital equipment (±1 count of the reference 

clock pulse), the stability of the reference clock, and errors in the 

measurement of distance. 

The speed measurement was obtained by measuring the time interval 

between two sharp leading edges of consecutive teeth on a toothed wheel 

attached to the dynamometer. The measurement was based on a knowledge 

of the true distance between the edges, and that the dynamometer rotated 

about the geometric centre of the toothed wheel. Errors were attributed 

to the accuracy of the measurements of the inter-tooth distance, the 

lack of concentricity of the wheel, and the shaft flexure due to 

vibration in the plane of the wheel. Figure 3.15 illustrates 

these errors. 

The measurement of inter-tooth distance had to be determined with 

sufficient accuracy to ensure its error was smaller than the fundamental 

±1 count digital resolution of the reference clock. This was found not 

to be possible by simply assuming a single value for all teeth. 
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During notionally steady speed operation of the dynamometer, the 

instantaneous speed record was in effect a high resolution measurement 

of each individual inter-tooth distance. Every sixth reading is the 

same tooth and thus by comparing the results of each tooth over a period 

of slow, steady speed testing, the inter-tooth distance could be 

accurately assessed to ±0.0004 radians. Each tooth now had an 

individual distance, but the error had been reduced to below the ±1 

count resolution of the oscillator at speeds above 10,000 rpm. 

A measurement of the concentricity of the toothed wheel .to the centre 

line of the dynamometer rotor revealed a total indicated run-out of 

0.02mm. The concentricity error is illustrated in figure 3.15 for the 

extreme case where the actual angle the dynamometer rotates through is 

different to the angle subtended by the teeth. For the test facility 

the radius of the toothed wheel was 30mm hence the angle error was 

±0.00029 radians at the extremes. However, each tooth always has the 

same concentricity error and this becomes absorbed into the 

experimentally determined inter-tooth distance error through steady 

speed tests. 

Both these geometrical errors are reduced by increasing the radius of 

the toothed wheel. The toothed wheel was made as large as possible 

consistent with the available space and potential out of balance forces. 

Similarly, the digital sensor was insensitive to small changes in 

distance between sensor and wheel. 

Estimating the error due to vibration and dynamic relative movement 

between sensor and toothed wheel was not possible without experimental 

results showing the relative movement. An accelerometer was placed 

upon the bearing support near the toothed wheel, but this only measured 

the mean absolute acceleration of the bearing support. An assumption 

was made that the vibration was sinusoidal in nature, allowing a mean 

displacement to be calculated. 

The readings from the accelerometer never exceeded 0.8g above 25,000 rpm 

and 0.3g below 20,000 rpm. This is equivalent, at 70,000 rpm, to a 
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sinusoidal displacement of 0.00015mm rising to 0.0011mm at 25,000 rpm, 

causing errors below the resolution of the 50MHz reference clock. Whilst 

these vibration results suggested a negligible error, no information 

about the nodal shape was available. If the bearing supports were at a 

node, the accelerometer readings under-predicted the shaft deflections. 

This was a weakness of the dynamic error assessment. 

The ability of the reference clock to maintain a fixed frequency 

accurately was assured by the purchase of a temperature controlled 

crystal oscillator of known accuracy, stability and ageing. (Appendix I 

describes the oscillator). Over the course of a year, the oscillator 

would drift by 5ppm (parts per million), its notional pre-set accuracy 

was ±lppm, and its temperature stability was 5ppm per 10°C. Hence as 

the oscillator was kept in an environment which changes by less than 

1°C, the error in frequency during a test was negligible. This 

stability allowed the oscillator to be used to calibrate the frequency 

meter employed to read speed under steady flow testing. 

The resolution of the digital equipment, ±1 count, or ±1/F seconds, 

(where F is the frequency of the reference clock), affected the 

measurement of instantaneous torque through the measurement of 

instantaneous speed. The measurement of time between teeth was subject 

to the error ±1/F seconds. Thus the time between teeth became; 

t ± it = 1 ± 1 

M t . F 

2.TT 

where 9 = rotational speed of the dynamometer, rads/s 

= number of teeth on the toothed wheel. 

F = reference clock frequency, Hz. 

This could be expressed in terms of the error in rotational speed, G8, 

over the period; 
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0 ± S 9 = 

2.IT ±_1 J t . 
0.N^ F 2 

.2 
8 . 

2 J L F ± e.N^ 

as 9.N^ « 2.7T.F 

.2 
iQ ft ± 9 .N^. rads/s -(3.47) 

2 X f " 

Hence, the higher the reference clock frequency the lower the speed 

error, and the lower the number of teeth, the lower the speed error. 

However, the lower the number of teeth on the wheel, the lower the 

frequency of readings at a given speed, and thus the number of readings 

during a given air pulse period. 

To calculate the error in the oscillating component of torque, the 

difference between two consecutive measurements of speed was required. 

Angular acceleration from position 1 to 2 was equal to the change in 

speed between the two points, A 9 , divided by the time interval between 

the points, A t . 

9 = ̂  = 

A t t ^ - tg 

6^= 9^ ± ^ 9 j , t^ = t^ ± S t j 

§2= Gg ± S82 ' tg = t^ ± Gtg 

hence via equation 3.5 assuming S Q ^ — 

g(A8) = ± v r . g 8 

S (At ) = ± J T . St 
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thus. 

2 2 
S 8 , the error in angular acceleration = 9 / i (A9) + &(At) 

(A8)Z' 

2 2 
= 8 I 2 . ( 8 + 2.St 

(A8)2 (At )2 

The oscillating component of torque, T = 1.0 

The error in the oscillating component of torque, §T = I.S8 

(Inertia was assumed to be known accurately). 

" 2 2 ' 

ST' = 1.8 / 2.S8 + 2.St 

(68)2 (^^ ,2 

as, 9 = A e / A t and St = 1/F 

, .2 .. 2 
= I I 2.S9 + 2.8 

A t V 

, / .Z % . 2 
= _ 1 

At V \ 2 X F / r 

-1 

.2 . .. 

as. A t = 2.7T and provided 9 .N^ 8 

e.N^ 2 . 7 1 / / 

.3 2 
S T ' ^ ± I . 8 . N + - ( 3 . 4 8 ) 

2l2 .TTtP 

with the proviso that; 

a) 8 . « 2.7r.F 
b) 8 « 9 ^ . 

2.IT 

The oscillating torque error was principally due to the speed error over 

the period At. 
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From equation 3.48, testing with the minimum number of teeth and the 

maximum reference clock frequency was required. Testing at lower 

rotational speeds by using 'warm air' reduces the torque error, although 

the speed range is unaltered. The proviso 'b' restricted the argument 

of reducing inertia as this increased angular acceleration for a given 

unsteady test condition. Similarly, the reduction in inertia would 

increase the minimum to maximum dynamometer speed oscillation during a 

transient and raise the error in the mean torque component, (figure 

3.14). 

In the test facility, the fastest clock frequency compatible with 

standard digital electronics and hardware was used, 50MHz. The standard 

toothed wheel was employed having six teeth for the instantaneous speed 

movement. 

Applying equation 3.48 to the test facility, the resultant error was 

prohibitively large. 

F = 50MHz 

\ = 6 

0 = 1047 - 5236 rads/s 

1 = 1.712 X lO'^kgm^ 

Typical maximum 8 = 1780 rads/s^ (@T = 3Nm) 

Proviso: a) 9 . = 1.4 x 10"^ b) 2.TT.9' = 1.86 x 10 ^ 

2.TT.F e.N^ 

3 
iT = ± 9 . 4 . 4 1 7 X l O ' l l 

10,000 rpm i Y = ± 0.0507 Nm 

30,000 rpm = ± 1.369 Nm 

50,000 rpm = ± 6.338 Nm 

Calculating T' from every consecutive speed measurement produced an 

excessive error. However, the analysis can be extended if every tenth 

measurement is considered, by setting to 0.6, reducing the error by 

100. 
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This was achieved by taking 1000 consecutive measurements and overlaying 

the results over one air pulse period. A smooth curve was drawn through 

the 1000 measurements of speed against time, the gradient of which is 

the angular acceleration. At 100 equally spaced intervals of time 

across the air pulse period, the local values of speed from the fitted 

curve were used to calculate the angular acceleration. This was similar 

to averaging over 10 measurements and can be analysed by setting to 

6/10, 0.6. 

The instantaneous oscillating torque component error for the test 

facility was now, 

at 10,000 rpm & T = ± 0.000507 Nm 

20,000 rpm = ± 0.00406 Nm 

30,000 rpm = ± 0.0137 Nm 

40,000 rpm = ± 0.0324 Nm 

50,000 rpm = ± 0.0634 Nm due to ± 1 count digital 

resolution 

Hence the error was reduced by increasing the total number of 

measurements and applying an averaging/smoothing process to return to 

100 measurements per air pulse period. This obviates the previous 

restriction on the minimum choice of N^ to ensure enough information 

over an air pulse. 

Compounding the error in the mean component of torque, figure 3.14, with 

the oscillating component of torque, produced the total error in the 

measurement of instantaneous torque. Figure 3.16 illustrates this 

result. The geometric errors from the toothed wheel were lost in the ±1 

count resolution error of the digital equipment. The effect of rotor 

shaft dynamics on error has only been simply approximated. 
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3.5 SUMMARY OF MEASUREMENT ERRORS 

3.5.1 STEADY FLOW 

Absolute and gauge pressure errors. 

S P = ± 0.00065 bar 

Total temperature error. 

STq = ± 1 .1°K 

Mass flow error. A function of mass flow rate, ref. fig. 3.5 

S m = varying from ± 0.0016 to 0.00075 kg/s 

Rotational speed error. Experimentally determined over the course 

of the test. 

SN = ± 31.4 rads/s typically. 

Torque error. 

S T = ± 0.0066 Nm 

3.5.2 UNSTEADY FLOW 

Instantaneous total turbine inlet pressure error, a function of 

mass flow rate. 

G P . = ± 0.0036 bar at zero mass flow to 
Od} b 

± 0.0042 bar at maximum flow. 
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Instantaneous mass flow error, reference figure 3.13, a function of 

mass flow rate. 

S m = ± 0.0063 kg/s at maximum flow to 
a 

± 0.0021 kg/s at minimum flow during test. 

Instantaneous torque measurement error, reference figure 3.16, a 

function of rotational speed. 

St = ± 0.0075 Nm at 10,000 rpm to 

± 0.0634 Nm at 50,000 rpm. 
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Pressure 
error/dynamic 

head % 
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Hole dia, 0,mm 

-0 .1* 

Effect of orifice edge form 

on static pressure measurement. 

(Error shown as % of dynamic 

pressure) 

Effect of Mach number on error 

due to hole size 

FIGURES 3.1 Wall static pressure measurement errors. (72) 

- 133 



Decrease 
in Pj. 

% o f 

0 Yaw flow angle 60 
8, deg 

Spatial 
displacement 
of P|.in% d • 

- f t 

Suggested 
minimum 

2 4 
Length, xd 

Flow angle characteristic 

for various probe shapes. (73) 

Effect of probe length 

in a pressure gradient field. 

(74) 

Positive error in measured total pressure due to turbulence: 

% error of dynamic pressure = ((1 + u^/U^)^ - 1) x 100% 

where: 

,ref(56) 

u^/L) = turbulence intensity 

U = mean velocity, u = turbulent pertabation about the mean, 

i.e 6% turbulence intensity = 0.18% error 

@ Mach 0.2 = +0.0001 bar error. 

FIGURE 3.2 Total pressure measurement errors. 
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QJ JQ 

Algori thms: 

1) 0 - 0.4 bar, error = ±0.00005 bar 

2) 0.4 - 2.4 bar, error = ±0.0001 bar 

1) Pressure(bar) = 4.588E-5x + 1.036E-10x^ - 3.399E-14x^ + 2.531E-18x^ 

2) = 4.589E-5X - 1.2195-11x2 + 7.242E-16x^ - 8.684E-24x^ 

microvolts. 

FIGURES 3.3 'Scanivalve' pressure transducer calibration curve. 
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1-0 

Rf 

•5-

/ 

M 10 

Rf = i o i _ : J : s _ 

Tot - Ts 

where = indicated total temp. 

= true total temp. 

Tg = static temp. 

Recovery coefficient, Rf, versus 

free stream Mach no, M, for 

total temperature probes. (53) 

with 
stagnation 
tube 

without 

Recovery ratio, versus 

free stream Mach no, M, with and 

without stagnation tubes. (53) 

Effect due to thermal conductivity Effect due to thermal radiation 

cosh/L / 4h 

k.d 
)J 

-

where; Tj = junction temperature, = gas stream temperature 

Tg = support temperature, = wall temperature 

L = length of thermocouple, d = thermocouple diameter 

h = convective heat transfer coefficient 

k = thermal conductivity of thermocouple 

6 = Stefan-Boltzman constant, 6 = emissivity 

FIGURES 3.4 Total temperature measurement errors. 
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Mass flow error = 0.5 
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Partial admission • 

I.S.O. 5167 

FIGURES 3.5 Mass flow measurement error. Comparison between 

experimental results and I.S.O. 5167 for the facility. 

- 1 3 7 -



O i D 

ai 
_ u 
OJ 3̂ 
g - | g . 

Experimental results 
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FIGURES 3.6 Summary of torque transducer errors. 
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Sensing 
diaphram-

Water cooled 
collar 

•Pressure 
transducer 

•Adaptor 

Water flow 
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Turbine inlet flow 

Drawing of the installation of 

the static wall pressure transducer 
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mm 

I I ' ' I ' 111 I i\ I 1 

i r 10" 
Frequency Hz 

Cavity mounting effects on the 

reasonant frequency. (53) 

FIGURE 3.7 Frequency response of the static wall pressure 

transducer. 

- 139 -



cu 
u 
3 

TD 
(/) 
C 
m I/) 

0-3.45 bar transducers. Calibrated at 20°C. Hysterisis error ±0.001bar 

Entry B (200x gain) Volts = -0.00031 + 1.4288bar, error = ±0.0018bar 

Entry A (150x gain) Volts = 0.0009 + 0.9458 bar, error = ±0.0011bar 

FIGURES 3.8 Calibration curves of the static wall pressure 

transducer. 
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Upper Graph. Examples of the results from two separate wire 

calibrations. 

Lower Graph. Errors in mass flow due to calibration errors. 

FIGURE 3.9 Steady flow calibration error of hot wire anemometer. 
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Experimental results. 
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see figure 3.13) 

o 

Maximum orifice plate unsteady flow measurement error. 

Total error. 

FIGURES 3.10 Unsteady mass flow measurement error between the orifice 

plate and the hot wire anemometer. 
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FIGURES 3.11 The variation of 'K' with mass flow rate under steady 

flow. 
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FIGURES 3.12A Results of two dynamic calibrations of the hot wire 

anemometer as a instantaneous mass flow transducer under 

unsteady flow in the turbine entry duct. 
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FIGURES 3.13 Instantaneous mass flow measurement error under unsteady 

flow. 
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Concentricity error. 
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FIGURES 3.15 Geometric errors in the toothed speed wheel. 
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CHAPTER 4 

STEADY FLOW RESULTS 

INTRODUCTION 

This chapter contains the results from the steady flow tests on the 

turbocharger turbine under both full and partial admission. The results 

from the test facility have been processed through the use of the data 

reduction equations described in section 3.2. Section 3.2 defined and 

described how efficiency, blade-speed ratio and non-dimensional flow 

could be used to display partial admission results as well as full 

admission results. 

The results from the full admission tests are presented first, the 

partial admission results second. The parameters used to display the 

partial admission results were chosen on the basis of brevity and 

clarity. Turbine entry pressure ratio and turbine entry mass flow ratio 

allow the results to be presented alongside full admission results using 

conventional presentation formats. 

The fastest non-dimensional speed presented, 0.974, corresponded to a 

dynamometer rotational speed of 42,000 rpm. Due to difficulties with 

the dynamometer's high speed bearings, full results at the maximum speed 

of 50,000 rpm were not possible. 

In the second half of chapter 4, the results of the steady flow error 

analysis are presented. These display the results from applying the 

error equations described in section 3.3 with the actual measurement 

errors of the test facility, summarised in section 3,5. The graphs show 

the total error of key parameters as a function of other variables, for 

both full and partial admission tests. In the case of the full 

admission results, the total error was broken down into its constituent 

parts to show the relative weights of each measurement error. Again 

full admission results are presented first, partial admission results 

second. 
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A detailed discussion of the results and errors of the steady flow tests 

can be found in Chapter 6. Chapter 6 also discusses the implications of 

the results, comparing them with other published work, and forwards 

arguments as a means of explanation. Section 7.5 discusses the 

implication of the steady flow results on turbocharged engine 

performance. Section 8.3.1 discusses areas of further development for 

the test facility as a consequence of these tests. 
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4.1 STEADY FLOW RESULTS 

4.1.1 FULL ADMISSION 

Figure 4.1 ; Non-dimensional mass flow versus total to static 

pressure ratio as a function of non-dimensional speed. 

. V . P., . V . N.D 
01 ' '• "UI — " I r 

Po, ° 

Figure 4.2 : Total to static efficiency versus U/C ratio as a 

function of non-dimensional speed. 

U . V . Y) . . . V . N.D 

C ^ 

4.1.2 PARTIAL ADMISSION 

Figure 4.3 : Non-dimensional flow rate through entry 'A' versus 

total to static pressure ratio as a function of non-dimensional 

speed. 

_foa. 
Poa P. 

Figure 4.4 ; Non-dimensional flow rate through entry 'B' versus 

total to static pressure ratio as a function of non-dimensional 

speed. 

- f b l S b • — -fob. j W L 

Pob ^ ^ b 

Figures 4.3 and 4.4 show the flow characteristics through the turbine 

under the particular partial admission condition of one turbine entry 

being blocked. The full admission results of figure 4.1 are also shown 

re-drawn (on figures 4.3 and 4.4) for the case of each entry. 
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If figures 4.3 and 4.4 are superimposed, the graphs appear virtually 

identical, to within ±1% of flow at the same pressure ratio. As the 

flow characteristic's results from tests conducted on entry A were 

identical to that on entry B, only one set of full partial admission 

flow results are presented. These are figures 4.5, 4.6, 4.7 and 4.8. 

Figures 4.5, 4.6, 4.7 and 4.8 ; Non-dimensional flow rate through 

entry 'A' versus total to static pressure ratio across entry 'A' as 

a function of the total to static pressure ratio across entry 'B'. 

A l i T o a . - i ! ! - i o b -

Poa P. P, 

Similarly for the results of entry 'B', 

JTbliTob. _foa. _ f o L 
P-. P, Po ' 7 ^ ob 2. 'a ^ • ob 

Figures 4.9, 4.10 and 4.11 : Total to static efficiency versus U/C 

ratio as a function of the ratio of mass flows through both entries 

U . v. T) . V . jpg . V . N.D 
C L ^ 

The 'symmetrical' characteristic in flow between entries A and B was not 

apparent in the efficiency results under partial admission. 

Results at the lowest non-dimensional speed, 0.417, are not shown. The 

error was too large under partial admission conditions to draw any 

conclusions at values of U/C above 0.5 at this speed. 
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4.2 STEADY FLOW ERRORS 

4.2.1 FULL ADMISSION 

Figure 4.12 : Maximum mass flow measurement error versus total 

mass flow based on I.S.O. 5167 and experimental results. 

^total ^ % t a l 

Figure 4.13 : Error in non-dimensional flow versus non-dimensional 

flow. Full admission results and partial admission results 

presented for all non-dimensional speeds. 

m.NpT .JF .V. C / m.JT, .JW\ .V. N.D 
— — 0 1 ' — o j 01 — I I I 

p., ° I " 7 

Figure 4.14 : Proportions of constituent errors in non-dimensional 

mass flow for all non-dimensional speeds. 

m.jT%, . J F . V . ( / m.Npr, . / r \ . V . N . D 
01 — o j 01 — I I I 

p., D' P., B-J 7 ^ 

An important error that affected all the key parameters was the error in 

mass flow measurement. Figure 4.12 was drawn from information displayed 

in figure 3.5 of chapter 3. Figure 4.12 shows that the maximum 

experimental error deviated from the calculated error given by I.S.O 

5167 (49) due to an unexpected additional error. Figure 4.12 is shown 

to explain the appearance of two sets of results in figure 4.13, one set 

takes the mass flow error as given by I.S.O. 5167, the other takes the 

maximum mass flow error given by experimentation. Figure 4.13 also 

shows the non-dimensional speed over the range tested, and hence a 

single line suffices for all speeds in the partial admission results and 

also in figure 4.14. Figure 4.14 shows the constituent errors of figure 

4.13. 
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The error in total turbine pressure ratio is constant, ^(P^)/P^ , 

(equation 3.35), and fixed at ±0.00065bar/(ambient pressure (bar)), 

ref. section 3.5.1. 

Figure 4.15 : Error in total to static efficiency versus U/C 

ratio as a function of non-dimensional speed. 

U .V. .V. N.D 

c I 

Figures 4.16, 4.17 : Proportions of constituent errors in 

efficiency as a function of U/C at each non-dimensional speed. 

U .V. -V. N.D 

c 

Figure 4.18 ; Error in U/C ratio versus U/C ratio as a function of 

non-dimensional speed. 

_U_ .V. .v. N.D 

C U / TrTT^ 

Figure 4.19 : Proportions of constituent errors in U/C ratio as a 

function of non-dimensional speed. 

U .V. .V. N.D 

C U / 

The errors in efficiency and blade speed ratio (U/C) are covered in 

figures 4.15 to 4.19. The errors are a function of non-dimensional 

speed (figures 4.15 and 4.18), and the weight of each of the 

constituent errors is shown in figures 4.16, 4.17 and 4.19. 
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4.2.2 PARTIAL ADMISSION 

The error in non-dimensional flow, under partial admission, is shown in 

figure 4.13 alongside the full admission result. For the partial 

admission results T^^ is substituted by T^^ or T^^, by P^^ or P^^, 

and m by m or m, for each entry respectively. 

The error in turbine entry pressure ratio remains constant and unchanged 

from full admission. 

Figure 4.20 : Error in total to static efficiency versus U/C ratio 

as a function of non-dimensional speed. 

U . V . . V . N.D 

T ( 

The error in efficiency increases with partial admission, as displayed 

in figure 4.20, and is highest when only one entry is flowing. 

Figure 4.21 : Error in U/C ratio versus U/C ratio as a function of 

non-dimensional speed. 

J L -v- 'V. N.D 

C U / 

The error in blade speed ratio is unaffected by partial admission as 

shown in figure 4.21. 
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FIGURE 4.1 Non-dimensional mass flow versus total to static pressure 

ratio as a function of non-dimensional speed. (Full 

admission.) 
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FIGURE 4.2 Total to static efficiency versus U/C ratio as a function 

of non-dimensional speed. (Full admission.) 
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FIGURE 4.3 Non-dimensional mass flow rate through entry 'A' versus 

total to static pressure ratio as a function of 

non-dimensional speed. (Full and partial admission.) 
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FIGURE 4.4 Non-dimensional mass flow rate through entry 'B' versus 

total to static pressure ratio as a function of 

non-dimensional speed. (Full and partial admission.) 
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FIGURE 4.5 Non-dimensional mass flow rate through entry 'A' versus 

total to static pressure ratio across entry 'A' as a 

function of the total to static pressure ratio across entry 

'B'. (Partial admission. Non-dim. speed = 0.417.) 
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FIGURE 4.6 Non-dimensional mass flow rate through entry 'A' versus 

total to static pressure ratio across entry 'A' as a 

function of the total to static pressure ratio across entry 

'B'. (Partial admission. Non-dim. speed = 0.603.) 
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FIGURE 4.7 Non-dimensional mass flow rate through entry 'A' versus 

total to static pressure ratio across entry 'A' as a 

function of the total to static pressure ratio across entry 

'B'. (Partial admission. Non-dim. speed = 0.788.) 
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FIGURE 4.8 Non-dimensional mass flow rate through entry 'A' versus 

total to static pressure ratio across entry 'A' as a 

function of the total to static pressure ratio across entry 

'B'. (Partial admission. Non-dim. speed = 0.974.) 
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FIGURE 4.9 Total to static efficiency versus U/C ratio as a function 

of the ratio of mass flows through both entries. (Partial 

admission. Non-dim. speed = 0.603.) 
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FIGURE 4.10 Total to static efficiency versus U/C ratio as a function 

of the ratio of mass flows through both entries. (Partial 

admission. Non-dim. speed = 0.788.) 
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FIGURE 4.11 Total to static efficiency versus U/C ratio as a function 

of the ratio of mass flows through both entries. (Partial 

admission. Non-dim. speed = 0.974.) 
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FIGURE 4.13 Error in non-dimensional flow versus non-dimensional flow. 

Full admission results presented (experimental and 

l.S.O.5167) with partial admission results, for all 

non-dimensional speeds. 

- 169 -



90 

60 

R D" • o 
error 

30 

0 
0 

N.D - 0-417,0 603,0788,0974 

total error, 
experiment results 

mass flow total error 
(based on IS05167) 

pressure 

temperature 
I I I I 

3,000 6,000 9,000 

B 0 ' 

12,000 

FIGURE 4.14 Proportions of constituent errors in non-dimensional mass 

flow for all non-dimensional speeds. (Full admission.) 
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FIGURE 4.15 Error in total to static efficiency versus U/C ratio as a 

function of non-dimensional speed. (Full admission.) 

- 171 -



4 0" 

± it) 7 o 

4 s 

error 2 0 

0. 

m -
pressure 

temperature 
and mass flow 

speed 

0 2 04 0-6 0-8 09 

3-0-1 

t % ( 
ts 

1-0 • 

0 
0 - 2 

0-974 

temperature 
and mass flow 

0-4 

pressure 

0-8 0-9 

FIGURES 4.16 Proportions of constituent errors in efficiency as a 

function of U/C ratio for two non-dimensional speeds. 

(Full admission.) 
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FIGURE 4.17 Proportions of constituent errors in efficiency as a 

function of U/C ratio for two non-dimensional speeds. 
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FIGURE 4.18 Error in U/C ratio versus U/C ratio as a function of 

non-dimensional speed. (Full admission.) 
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function of non-dimensional speed. (Full admission.) 
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CHAPTER 5 

UNSTEADY FLOW RESULTS 

INTRODUCTION 

Chapter 5 contains the results from the unsteady flow tests on the 

turbocharger turbine under both full and partial admission. The format 

of the graphs presented is identical to that used in Chapter 4. Section 

3.2 described the data reduction equations used in producing these 

graphs. 

All of the results presented in Chapter 5 refer only to the 

instantaneous mass flow in entry A. No results are presented for the 

instantaneous flow within entry B, or for both entries together. With 

only one hot wire anemometer, flow in only one entry could be measured 

at any time. During full admission testing, the instantaneous pressure 

in entry A is by definition always equal to that in entry B. This was 

verified experimentally under unsteady flow testing with the particular 

twin inlet pipe arrangement employed. Under steady flow Chapter 4 

showed that, for this particular turbocharger turbine, whenever = 

^ob' '̂ a ~ "^b' under all test conditions. To allow the instantaneous 

efficiency characteristics to be presented an assumption was made that 

under full admission, unsteady flow, m^ = mĵ  at all times. This is not 

strictly invoking the quasi-steady assumption, but is carrying on the 

assumption that the flow characteristics of each entry were identical. 

Under partial admission unsteady flow testing, P^^ did not equal P^^ and 

the earlier assumption was not valid, hence the partial admission 

efficiency results could not be presented without experimental knowledge 

of the mass flow in entry B. This was not possible in these tests. 
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The full admission results are presented first at two 'unsteady flow' 

frequencies of 40 and 60Hz. The partial admission flow results are 

presented second at a frequency of 40Hz only. The results of the 

experimental error analysis are included alongside the relevant results. 

Results taken at an unsteady flow frequency of 80Hz are presented in 

Appendix IV. No unsteady flow calibration was performed at this higher 

flow frequency and thus the error analysis could not be applied to these 

results. 

A detailed discussion of the results of the unsteady flow tests can be 

found in Chapter 6 although some details are discussed in section 5.1. 

Chapter 6 also forwards arguments to explain the trends shown in these 

results. Section 8.3 discusses areas of further development and study 

for the test facility with regard to unsteady flow tests. 
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5.1 DATA PREPARATION 

5.1.1 SMOOTHING/FILTERING OF DATA 

Under unsteady flow, the raw signal from the hot-wire anemometer, inlet 

total pressure transducer and transient speed recorder were subject to 

noise. In the case of the hot-wire anemometer, the noise was due to 

turbulence in the air flow, producing a high frequency alternating 

velocity signal on top of the average velocity. In the case of the 

pressure transducer, it was due to the acoustic resonances in the small 

connecting channel between the transducer diaphragm and pipe wall. In 

the case of the digital transient speed signal, it was the accumulative 

effect of high frequency noise, orders of magnitude higher than the 

fundamental flow frequency. This was thought to be due to the dynamic 

modes of the dynamometer rotor at harmonics above the rotor speed. 

The sampling period of each transducer would last longer than one 

unsteady flow cycle - typically six. An overlaying, ensemble averaging, 

procedure was adopted so that a 11 the data, (1024 points of mass flow and 

total pressure, 500 to 1000 points of speed) appeared as if over one 

unsteady cycle. This ensemble averaged data was then filtered by 

fitting a smooth line through the data over the cycle for each 

transducer in turn. This removed any information about cycle to cycle 

variation as well as the turbulent, resonant, and high frequency noise 

components of the data. 

Two smoothing/filtering procedures were employed. Comparisons of raw 

data with filtered data indicated whether the filter truly followed the 

average record. In the case of all the signals, attempts to fit a 

simple fourth and fifth order polynomial across the cycle, by adopting 

the criteria of least squares, failed. A fifth order polynomial 

produced an ill-conditioned result over such a large sample, whilst the 

fourth order polynomial over-smoothed the data. 
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Adopting a piece-wise, least squares, third order polynomial (in effect 

a series of interconnected cubic splines over the data field) resulted 

in a smooth line which followed the underlying trends and 

discontinuities. This type of smoothing is popular for its ability to 

follow local perturbations, its lack of ill-conditioning, and arbitrary 

approach. Available through the National Algorithm Group library 

software, it was integrated into the data reduction computer program. 

Twenty individual cubic splines spanned the cycle such that the sum of 

the squares of the deviations of all points from the fitted line were 

minimised. This method of smoothing was applied to the mass flow and 

pressure signals before they were combined to produce the results of 

Chapter 5. 

Whilst the speed signal was originally processed using the piece-wise 

polynomial smoothing method, this gave no detail as to the frequency 

content of the signal, and revealed a disadvantage with this smoothing 

technique at the start and finish of the sample period. Because two 

adjacent cubic splines have to have the same boundary conditions, all 

the interior splines have implicitly defined boundary conditions; 

however the first and last require an additional, explicitly defined 

condition. Thus the ends of the data have artificially constrained 

gradients. As the speed signal was differentiated to give acceleration 

and hence torque, the torque results at the ends of the cycle were 

invalid. Whilst the error in the rate of change of mass flow and 

pressure was negligible, that of speed caused a sharp perturbation in 

the torque and hence efficiency graph. Whilst an additional iteration 

loop of the boundary conditions would have made it possible to remove 

the sharp perturbation, the desire for frequency based information 

favoured the application of fast fourier transforms. 

For all the speed signal results, a fast fourier transform filter was 

employed. The speed signal was transformed from the original time-speed 

domain to a frequency-speed domain. The higher frequencies were removed 

from the graph by progressively ignoring values above a pre-determined 

frequency, similar to the effect of a low-pass filter with a shallow 

dB/octave cut-off characteristic. The truncated frequency-speed data 

was transformed back to the time-speed domain and differentiated to give 

the smoothed time-torque result. 
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The result was similar to the piece-wise polynomial technique but 

without the perturbations at the start and finish of the sample period. 

Additionally, the frequency information helped to identify the sources 

of high frequency noise. 

5.1.2 TIME-DELAY BETWEEN THE MEASUREMENT OF FLOW AND TORQUE 

The transducers that measured mass flow and pressure were sited upstream 

of the turbine housing, whilst the measurement of torque occurred at the 

turbine shaft. Air had to flow 180mm from the inlet measurement plane 

before it reached the start of the volute. A pressure wave, generated 

by the action of the pulse generator, travelling at sonic speed takes a 

finite time to travel the distance between the inlet plane and the 

turbine rotor. This was apparent when the unsteady flow results 

revealed the minimum values of mass flow and pressure (which were 

co-incident) occurred before the minimum value of torque, the torque 

signal being delayed by the propagation time of the pressure wave. 

If the results were combined directly to produce a U/C versus efficiency 

graph of the turbine, an excessive loop appeared on the graph with 

efficiencies above 100%. This was due to the isentropic power 

associated with the measurements at inlet being at a minimum, whilst the 

measured torque had not yet reached e minimum and was still falling, 

producing a very high efficiency. Similarly, when the torque was at 

it's minimum, the isentropic power was rising producing a very low 

efficiency. 

In order that the efficiency results could be presented, all the torque 

signals were shifted forward in time so that their minima coincided with 

that of mass flow and pressure. All the efficiency results of Chapter 5 

are based on all measurements being referred to the inlet measuring 

station. The shift necessary was found to be consistent for all the 

results, 1ms ±0.25ms at 40Hz, 1ms ±0.17ms at 60Hz, and 1ms ±0.13ms at 

80Hz. Since the sonic velocity was constant at 397m/s (with a fixed 

inlet temperature) this time equated to a distance from the inlet plane 

to 221° ±55° around the volute. 
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5.2 FULL ADMISSION RESULTS 

5.2.1 MASS FLOW/PRESSURE RATIO 

Figures 5.1 to 5.4 : Instantaneous non-dimensional mass flow for 

entry 'A' versus instantaneous total to static pressure ratio for 

entry 'A', as a function of non-dimensional speed at two unsteady 

flow frequencies. 

. J r . v . .V. N.D . V . W 

^ • K 7 , , 

Each figure shows the results of two tests at each unsteady flow 

frequency. The two tests were arranged such that when presented 

together they spanned the steady flow results. The locus of the 

instantaneous operating point is shown either as a full or dashed line. 

Also presented are the results of the relevant steady flow tests. Each 

figure is for one non-dimensional speed. 

Figure 5.5 : Error in instantaneous non-dimensional flow for entry 

'A' versus non-dimensional flow, for all non-dimensional speeds and 

two unsteady flow frequencies. 

C / . J r 1 .v. .v. N.D .v. w 
Q I I I » O .0 Q P .. „ I • — O . — 0 Q 

Poa " V Poa 0" ^ o a 

Figure 5.6 : Error in instantaneous total to static pressure ratio 

for entry 'A' versus non-dimensional flow, for all non-dimensional 

speeds and two unsteady flow frequencies. 

V . m. . / t 7 - . 7 r . v. N.D . V . w 

The effect of non-dimensional speed on both errors was negligible, hence 

a single line is presented. 
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Figures 5.7 to 5.10 : Instantaneous non-dimensional mass flow for 

entry 'A' versus instantaneous total to static pressure ratio for 

entry 'A', with error bands, at an unsteady flow frequency of 40Hz, 

as a function of non-dimensional speed. 

m ^ . . w .v. .v. N.D w = 40Hz 
- Ill Ifc Q I !.•! 0 U • I - • 0 —p —— I I f 

Pea p. ^ o a 

Figures 5.11 to 5.14 : As figures 5.7 to 5.10 but at an unsteady 

flow frequency of 60Hz. 

A l S a J o a . " = SOHz 

Poa 0' P' ^ a 

The locus of instantaneous operation is shown as a solid line bounded by 

two dashed lines indicating the limits of the (shaded) error band. Each 

figure is for one non-dimensional speed. 

5.2.2 ISENTROPIC BLADE SPEED RATIO/ISENTROPIC EFFICIENCY 

Figures 5.15 to 5.18 : Instantaneous blade speed ratio (U/C) 

versus instantaneous total to static efficiency, as a function of 

non-dimensional speed at two unsteady flow frequencies. 

-H, ts N . D .v. 

C ' JR-T', 

Figures 5.15 to 5.18 complement figures 5.1 to 5.4. The locus of the 

instantaneous operating point is shown either as a full or dashed line 

alongside the relevant steady flow test results. Each figure is for one 

non-dimensional speed. 

Figure 5.19 : Error in instantaneous total to static efficiency 

versus blade speed ratio, as a function of non-dimensional speed at 

two unsteady flow frequencies. 
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Figure 5.20 : Error in instantaneous blade speed ratio 

versus blade speed ratio, as a function of non-dimensional speed at 

two unsteady flow frequencies. 

.V. JJ_ .V. N.D .V. w 

Figures 5.21 to 5.24 : Instantaneous blade speed ratio versus 

instantaneous total to static efficiency, with error bands, at an 

unsteady flow frequency of 40Hz, as a function of non-dimensional 

speed. 

U .V. in .V. N.D w = 40Hz 

Figures 5.25 to 5.28 : As figures 5.21 to 5.24 but at an unsteady 

flow frequency of 60Hz. 

U .V. .V. N.D VI = 60Hz 
— V u . r 

C '• ^ a 

The locus of the instantaneous operating point is shown as a solid line 

bounded by two dashed lines indicating the limits of the (shaded) error 

band. Each figure is for one non-dimensional speed. 
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5.3 PARTIAL ADMISSION RESULTS 

MASS FLOW/PRESSURE RATIO 

Figures 5.29 to 5.32 : Instantaneous non-dimensional mass flow for 

entry 'A' under partial admission versus instantaneous total to 

static pressure ratio for entry 'A', as a function of 

non-dimensional speed, at an unsteady flow frequency of 40Hz. 

J i J T o a . - K . -loi. N'O . w = 40Hz 

Each figure shows the results of two tests at one non-dimensional speed 

presented along with the quasi-steady and full admission steady flow 

results of Chapter 4. The quasi-steady flow results are derived from 

applying the instantaneous pressure ratios in both entries to the steady 

flow partial admission results, Chapter 4. 

Figure 5.33 : Error in instantaneous non-dimensional flow for 

entry 'A' under partial admission versus non-dimensional flow, for 

all non-dimensional speeds, at an unsteady flow frequency of 40Hz. 

C .JF\ .V. m ./F .v. N.D w = 40Hz 
^ I —• 811-11... 0 Q ] I .I— 011 0 Q 

Figure 5.34 : Error in instantaneous total static pressure ratio 

for entry 'A' under partial admission versus non-dimensional flow, 

for all non-dimensional speeds, at an unsteady flow frequency of 

40Hz. 

.V. m . J T .v. N.D w = 40Hz 
— a — 0 a — I I' 

Poa ^ a 

The effect of non-dimensional speed on both errors was negligible hence 

a single line is presented. 
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Figures 5.35 to 5.38 : Instantaneous non-dimensional mass flow for 

entry 'A' under partial admission versus instantaneous total to 

static pressure ratio for entry 'A', with error bands, as a 

function of non-dimensional speed, at an unsteady flow frequency of 

40Hz. 

m ^ . # % _ . . V . P ,v. N.D w = 40Hz — a — o a — — o a V 
oa " ' ^ oa D " Pi ^ 

The unsteady flow results lie within the error band, shown as a shaded 

area bounded by solid lines. Each figure is for one non-dimensional 

speed. Also presented are the results assuming quasi-steady flow. 

No results are presented under unsteady flow, partial admission for 

efficiency nor at unsteady flow frequencies of 60 and 80Hz. 
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FIGURE 5.1 Instantaneous non-dimensional mass flow for entry 'A' 

versus instantaneous total to static pressure ratio for 

entry 'A' at two unsteady flow frequencies. 

. Non-dimensional speed = 0.417. 
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FIGURE 5.2 Instantaneous non-dimensional mass flow for entry 'A' 

versus instantaneous total to static pressure ratio for 

entry 'A' at two unsteady flow frequencies. 

Non-dimensional speed = 0.603. 
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FIGURE 5.3 Instantaneous non-dimensional mass flow for entry 'A' 

versus instantaneous total to static pressure ratio for 

entry 'A' at two unsteady flow frequencies. 

Non-dimensional speed = 0.788. 

- 190 



3: 
O 

o 

Q h:' 
cc 

Oj in 

N N •I X 
o o 
-J- >o 

• I 
o 
CVI 

in 

ofl Q!^ 

o 
n o " 

O o 
o 

l a f o 

o 
o 
o 
cvT 

o 

FIGURE 5.4 Instantaneous non-dimensional mass flow for entry 'A' 

versus instantaneous total to static pressure ratio for 

entry 'A' at two unsteady flow frequencies. 

Non-dimensional speed = 0.974. 
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FIGURE 5.5 Error in instantaneous non-dimensional flow for entry 'A' 

versus non-dimensional flow, for all non-dimensional speeds 

at two unsteady flow frequencies. 
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FIGURES 5.6 Error in instantaneous total to static pressure ratio for 

entry 'A' versus non-dimensional flow, for all 

non-dimensional speeds at two unsteady flow frequencies. 
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FIGURE 5.7 Instantaneous non-dimensional mass flow for entry 'A' 

versus instantaneous total to static pressure ratio for 

entry 'A', with errors bands, at an unsteady flow frequency 

of 40 Hz. (Non-dim. speed = 0.417.) 
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FIGURE 5.8 Instantaneous non-dimensional mass flow for entry 'A' 

versus instantaneous total to static pressure ratio for 

entry 'A', with errors bands, at an unsteady flow frequency 

of 40 Hz. (Non-dim. speed = 0.603.) 
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FIGURE 5.9 Instantaneous non-dimensional mass flow for entry 'A' 

versus instantaneous total to static pressure ratio for 

entry 'A', with errors bands, at an unsteady flow frequency 

of 40 Hz. (Non-dim. speed = 0.788.) 
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FIGURE 5.10 Instantaneous non-dimensional mass flow for entry 'A' 

versus instantaneous total to static pressure ratio for 

entry 'A', with errors bands, at an unsteady flow 

frequency of 40 Hz. (Non-dim. speed = 0.974.) 
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FIGURE 5.11 Instantaneous non-dimensional mass flow for entry 'A' 

versus instantaneous total to static pressure ratio for 

entry 'A', with errors bands, at an unsteady flow 

frequency of 60 Hz. (Non-dim. speed = 0.417.) 
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FIGURE 5.12 Instantaneous non-dimensional mass flow for entry 'A' 

versus instantaneous total to static pressure ratio for 

entry 'A', with errors bands, at an unsteady flow 

frequency of 60 Hz. (Non-dim. speed = 0.603.) 

199 -



> 
o 

u -

to 
• o 
ro "3 
cu to 

(U 
V) c_ 

CD 
CD 
rr 
o 

N 
nz 
o 
so 

ii 

cc 

—r— 

cp 
(SI 

—I— 
in 

o 
o 

r O 

>d" 

o 
CD 
O 

o 
o 
o 
Cvj" 

•fICL« 

FIGURE 5.13 Instantaneous non-dimensional mass flow for entry 'A' 

versus instantaneous total to static pressure ratio for 

entry 'A', with errors bands, at an unsteady flow 

frequency of 60 Hz. (Non-dim. speed = 0.788.) 
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FIGURE 5.14 Instantaneous non-dimensional mass flow for entry 'A' 

versus instantaneous total to static pressure ratio for 

entry 'A', with errors bands, at an unsteady flow 

frequency of 60 Hz. (Non-dim. speed = 0.974.) 
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FIGURE 5.15 Instantaneous blade speed ratio (U/C) versus instantaneous 

total to static efficiency at two unsteady flow 

frequencies. Non-dimensional speed = 0.417. 
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FIGURE 5.16 Instantaneous blade speed ratio (U/C) versus instantaneous 

total to static efficiency at two unsteady flow 

frequencies. Non-dimensional speed = 0.603. 
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FIGURE 5.17 Instantaneous blade speed ratio (U/C) versus instantaneous 

total to static efficiency at two unsteady flow 

frequencies. Non-dimensional speed = 0.788, 
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FIGURE 5.18 Instantaneous blade speed ratio (U/C) versus instantaneous 

total to static efficiency at two unsteady flow 

frequencies. Non-dimensional speed = 0.974. 
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FIGURE 5.20 Error in instantaneous blade speed ratio (U/C) versus 

blade speed ratio, as a function of non-dimensional speed 

at two unsteady flow frequencies. 
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FIGURE 5.19 Error in instantaneous total to static efficiency versus 

blade speed ratio (U/C), as a function of non-dimensional 

speed at two unsteady flow frequencies. 
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FIGURE 5.21 Instantaneous blade speed ratio (U/C) versus instantaneous 

total to static efficiency, with error bands, at an 

unsteady flow frequency of 40 Hz. (Non-dim. speed = 

0.417.) 
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FIGURE 5.22 Instantaneous blade speed ratio (U/C) versus instantaneous 

total to static efficiency, with error bands, at an 

unsteady flow frequency of 40 Hz. (Non-dim. speed = 

0.603.) 
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FIGURE 5.23 Instantaneous blade speed ratio (U/C) versus instantaneous 

total to static efficiency, with error bands, at an 

unsteady flow frequency of 40 Hz. (Non-dim. speed = 

0.788.) 
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FIGURE 5.24 Instantaneous blade speed ratio (U/C) versus instantaneous 

total to static efficiency, with error bands, at an 

unsteady flow frequency of 40 Hz. (Non-dim. speed = 

0.974.) 
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FIGURE 5.25 Instantaneous blade speed ratio (U/C) versus instantaneous 

total to static efficiency, with error bands, at an 

unsteady flow frequency of 60 Hz. (Non-dim. speed = 

0.417.) 
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FIGURE 5.26 Instantaneous blade speed ratio (U/C) versus instantaneous 

total to static efficiency, with error bands, at an 

unsteady flow frequency of 60 Hz. (Non-dim. speed = 

0.603.) 
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FIGURE 5.27 Instantaneous blade speed ratio (U/C) versus instantaneous 

total to static efficiency, with error bands, at an 

unsteady flow frequency of 60 Hz. (Non-dim. speed = 

0.788.) 
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FIGURE 5.28 Instantaneous blade speed ratio (U/C) versus instantaneous 

total to static efficiency, with error bands, at an 

unsteady flow frequency of 60 Hz. (Non-dim. speed = 
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FIGURE 5.29 Instantaneous non-dimensional mass flow for entry 'A' 

under partial admission versus instantaneous total to 

sta^'c pressure ratio for entry 'A' at an unsteady flow 

frequency of 40 Hz. (Non-dim. speed = 0.417.) 
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FIGURE 5.30 Instantaneous non-dimensional mass flow for entry 'A' 

under partial admission versus instantaneous total to 

st^'c pressure ratio for entry 'A' at an unsteady flow 

frequency of 40 Hz. (Non-dim. speed = 0.603.) 
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FIGURE 5.31 Instantaneous non-dimensional mass flow for entry 'A' 

under partial admission versus instantaneous total to 

staic pressure ratio for entry 'A' at an unsteady flow 

frequency of 40 Hz. (Non-dim. speed = 0.788.) 
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FIGURE 5.32 Instantaneous non-dimensional mass flow for entry 'A' 

under partial admission versus instantaneous total to 

sta^'c pressure ratio for entry 'A' at an unsteady flow 

frequency of 40 Hz. (Non-dim. speed = 0.974.) 
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FIGURE 5.33 Error in instantaneous non-dimensional flow for entry 'A' 

under partial admission versus non-dimensional flow, for 

all non-dimensional speeds, at an unsteady flow frequency 

of 40 Hz. 

- 2 2 0 -



c 
o 
'to 
w 
E 

>> fU v_i 
c _ 
cu ra 
=3 %: 
cr ^ 
Qj rv 
(_ CL 
H-
QJ ^ 
i5 o r) -4-

CL 

c_ " 
'ra ) 

i g 
cb o 
r-.~ CO" 

cb o 

o 
o 

5 

Q t 

o 
o 
o 

(a|c, 

•E 
Q I 

o 
o 
o 
W 

I in 
o 
o 

-4-
o 
o 

CM 
O 
O 
C5 
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entry 'A' under partial admission versus non-dimensional 

flow, for all non-dimensional speeds, at an unsteady flow 
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FIGURE 5.35 Instantaneous non-dimensional mass flow for entry 'A' 

under partial admission versus instantaneous total to 

static pressure ratio for entry 'A', with error bands, at 

an unsteady flow frequency of 40 Hz. (Non-dim. speed = 

0.417.) 
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FIGURE 5.36 Instantaneous non-dimensional mass flow for entry 'A' 

under partial admission versus instantaneous total to 

static pressure ratio for entry 'A', with error bands, at 

an unsteady flow frequency of 40 Hz. (Non-dim. speed = 

0.603.) 
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FIGURE 5.37 Instantaneous non-dimensional mass flow for entry 'A' 

under partial admission versus instantaneous total to 

static pressure ratio for entry 'A', with error bands, at 

an unsteady flow frequency of 40 Hz. (Non-dim. speed = 

0.788.) 
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FIGURE 5.38 Instantaneous non-dimensional mass flow for entry 'A' 

under partial admission versus instantaneous total to 

static pressure ratio for entry 'A', with error bands, at 

an unsteady flow frequency of 40 Hz. (Non-dim. speed = 
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CHAPTER 6 

DISCUSSION OF THE RESULTS 

INTRODUCTION 

Chapter 6 contains the discussion of the results displayed in Chapters 4 

and 5. These cover the steady flow experiments (Chapter 4) and the 

unsteady flow experiments (Chapter 5) under both full and partial 

admission. 

Chapter 6 is split into two principal sections discussing firstly, the 

steady flow results and secondly, the unsteady flow results. These 

sections are additionally sub-divided into full and partial admission, 

flow and efficiency results where applicable. At the end of the steady 

flow section a discussion of the results of the steady flow error 

analysis is included. The unsteady flow error analysis is not discussed 

separately. Each section concludes with a summary of principal points. 
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6.1 STEADY FLOW RESULTS 

6.1.1 FULL ADMISSION 

Figures 4.1 and 4.2 display the two characteristic curves of an inward 

flow radial turbine under full admission conditions. 

Figure 4.1 shows the mass flow characteristic of the turbine. The 

figure shows choking flow at turbine pressure ratios above 2.1, higher 

than a single nozzle calculation, along with a speed dependent 

centrifugal back pressure evident at low pressure ratio. The effect of 

no flow through the turbine at a finite pressure ratio was a 

characteristic of the turbine that appeared in both the full and partial 

admission results. 

The aerodynamic efficiency of the turbine reached a maximum at a blade 

speed ratio of 0.7 and was independent of rotational speed over the non-

dimensional speed range 0.603 - 0.974. This followed the observations 

of Hiett and Johnston (1) whose larger turbine reached higher total to 

static efficiencies but showed a similar speed independence of 

aerodynamic efficiency, Figure 6.1. The higher maximum efficiency 

reached by the turbine of reference 1 can be attributed to the turbine's 

lower specific speed design. It is possible, by taking the efficiency 

errors into account in Figure 4.2, to cause all three speed lines to 

fall onto a common line at all blade speed ratios. 

Through a simple idealised thermodynamic analysis of a similarly 

radially bladed turbine, Dixon (2) showed that the peak turbine 

efficiency (considered when the rotor exit flow possessed no swirl) 

occurred at a blade speed ratio of l/iF7 The experimental results 

supported this simple analysis and confirmed the importance of turbine 

exit flow conditions in high specific speed radial turbines, discussed 

by Rohlik (65) and Balje (66). 

Using the definition of specific speed quoted in Dixon (2), the specific 

speed of the study turbine (at its peak efficiency) was 0.86 radians. 
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Figure 6.2A illustrates the relative importance of losses within the 

turbine at peak efficiency as a function of specific speed. For this 

particular turbine, the total losses are dominated by exit kinetic 

energy. 

The diagrams of Figure 6.2 are for nozzled turbines, rather than the 

nozzleless turbine studied, and the peak efficiencies quoted in Fig 6.2B 

are higher than those expected from a nozzleless turbine, ref Balje 

(66). Similarly Figure 6.28 considers a turbine with a maximum rotor 

exit diameter to rotor inlet diameter ratio of 0.7 to avoid excessive 

shroud curvature and flow separation. The ratio for the study turbine 

was 0.80. The turbine of Figure 6.28 had a minimum rotor exit hub 

diameter to rotor exit tip diameter ratio of 0.4 to avoid excessive 

total pressure losses at the hub through blockage. The ratio for the 

study turbine was 0.36. The results published by Rohlik (65) 

incorporated many assumptions about acceleration rates and losses. They 

were gathered from a single type of turbine which does not represent 

current radial turbocharger turbine designs. The emphasis placed on 

mechanical durability and low rotating inertia in current turbocharger 

designs has resulted in longer rotor exit and smaller rotor hub 

diameters than suggested by Rohlik (65). Considering only the 

aerodynamic efficiency, the results do suggest a lower specific speed 

design would achieve higher peak efficiencies. 

The discussions have been confined to peak efficiency only. On an 

engine at off-design operation away from U/C = 0.7, efficiency is just 

as important, and this has not been compared. Chapter 7 shows the range 

of operation of a turbocharger turbine on an engine. Additionally, no 

mention has been made of inertia versus flow capacity, mechanical 

strength and manufacturing economies. All of these force an 

aerodynamically non-optimum design to be a practical design for an 

engine turbocharger. 

If the fully floating, plain bearing losses are combined in the 

calculation of turbine efficiency (aerodynamic x mechanical), the 

maximum efficiency occurs at a blade speed ratio below 0.7 and the 

curves become speed dependent with the introduction of a speed dependent 

bearing friction loss. 
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Figure 7.5A illustrates that a typical bearing loss of 590W (15) moves 

the point of maximum efficiency to a blade speed ratio of 0.6. Bearing 

losses can vary between 2 and 20% of turbine gross work dependent on the 

size of the turbine and operating point. 

6.1.2 PARTIAL ADMISSION 

6.1.2.1 FLOW CAPACITY 

Figures 4,3 and 4.4 were shown as examples of the similarity of the 

partial admission results of the twin-entry turbine when expressed in 

terms of the swallowing capacity of each entry. Over the range of 

pressure ratios, speeds and flows tested, the graphs for entry 'A' and 

entry 'B' were similar to within ±1% of flow at a given entry pressure 

ratio. This similarity in the two results led to the description of the 

housing as being symmetrical. This not only referred to the symmetry in 

the partial admission results for each entry, but also to the physical 

shape and disposition of the turbine housing flow passages about the 

rotor inlet. 

Comparisons with other researcher's works on partial admission flow 

characteristics of twin entry turbines were made difficult by the 

variety of housings tested. To allow comparisons to be made, the 

non-dimensional flow under partial admission was normalised by division 

with the non-dimensional flow under full admission, at the same entry 

pressure ratio. This scaling allowed the results to be presented on one 

graph. Figure 6.3 compares the results of Chapter 4 with Pischinger and 

Wiinsche (43), Gimmler (11) and two independent commercial tests. One of 

the latter results showed a strong asymmetric flow behaviour, the flow 

capacities of the two entries producing different characteristics. 

The passage disposition and shape of the turbine housing which produced 

the asymmetric flow results of Figure 6.3 was the only housing of the 

five to have a marked asymmetric passage shape, as sketched in Figure 

6.3. All the other housings were reported as being similar in shape to 

the symmetrical study turbine although precise data was not published. 
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The flow leaving an asymmetric turbine housing would possess an axial 

component of velocity, as well as a radial and tangential component, 

under both full and partial admission conditions. In the case of a 

symmetrical housing, a significant axial component of velocity would 

only be expected under partial admission conditions. 

Flow measurements at rotor inlet have been obtained by Lymberopoulos 

(67) on a similar turbine housing. Although Lymberopoulous (67) did not 

measure the axial component of flow (or appropriate angle), conclusions 

can be drawn from his results in the radial plane. The tests were 

conducted on the same experimental apparatus as this study, with the 

same manufacturer's turbine fitted with a 0.84 A/R 'E' housing adapted 

to allow removal of the dividing wall. Traverses were conducted under 

single entry, twin-entry, full and partial admission conditions. In 

order to use a three hole cobra probe at rotor inlet, the rotor was 

replaced by one with cut down blades. No efficiency measurements were 

taken. 

The results from a single entry housing by Lymberopoulos (67) are shown 

in Figure 6.4. Results from traverses across the width of the passage 

in the plane of the 'rotor inlet' are shown for two positions, 120° and 

240° circumferentially around the turbine housing starting from the 

torque, and for two inlet pressures, 1.25 and 1.5 bar. The rise in flow 

angle close to the wall Lymberopoulos attributed to viscous drag, 

reducing the tangential velocity and turning the flow toward a radial 

direction, increasing the flow angle. Similarly, the flow angles within 

the passage appear independent of inlet pressure. The measurements 

taken show a significant variation of flow properties across the width 

of the turbine housing exit with a single entry turbine housing. 

These tests were repeated with the dividing wall fitted to form a 

twin-entry symmetrical housing very similar to the study turbine. These 

results, under full and partial admission conditions, are shown in 

Figure 6.5. For the case of full admission at an inlet pressure of 

1.25, the influence of the dividing wall was evident at the measuring 

plane. The rise in flow angle was attributed to the wake shed from the 

wall, which, through viscous effects, had been turned toward a radial 

direction. 
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Under partial admission conditions, the variation of flow properties 

across the passage was disrupted, but not in a symmetrical manner. The 

results of 1.5:1.25 and 1.25:1.5 were not equal and opposite although 

the two entry flow capacities of the housing were. Some mixing of the 

two entry flows would have occurred between leaving the dividing wall 

and travelling the 6mm radially to the measuring point, reducing the 

variations in flow angle. 

The assumption of no variation in the axial direction of flow properties 

under full or partial admission conditions is incorrect. The axial 

variation of flow properties was increased under partial admission 

conditions. The next section of this chapter discusses the changes in 

turbine efficiency under partial admission conditions, where the results 

show an asymmetric efficiency characteristic. The asymmetric variation 

of flow properties as reported by Lymberopoulos in Figure 6.5 suggests 

an explanation for the partial admission efficiency characteristics. 

A rationale for the partial admission flow characteristics can be 

explained through the analogue of the turbine as three nozzles, two in 

parallel and one in series. The throats of the first two nozzles 

correspond to the effective flow areas of each entry at the rotor inlet. 

The throat of the third nozzle corresponds to the relative flow area at 

rotor exit, which is the dominant flow area in a nozzleless single entry 

turbine. Under full admission conditions, the flows in both entries 

compete for the geometric flow area upstream of the rotor inlet, with 

the result that the effective flow area of each entry is less than the 

geometric flow area. At the extreme of partial admission, when one 

entry is blocked, the geometric and effective flow areas are similar, 

and hence the flow capacity of the entry under partial admission is 

greater. 

The argument applies similarly for the other entry. This qualitatively 

explains partial admission characteristics through the changes to the 

effective flow area of the first nozzle, where the housing exit flow 

angle determines the effective flow area for a given geometric passage 

area. 
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If the flow variations due to the turbine housing shape propagate 

through to the rotor exit plane and affect the flow area of the dominant 

third nozzle, then rotor inlet effects will have a greater influence. A 

strongly asymmetrically designed turbine housing coupled with a short 

axial length rotor of high shroud curvature (i.e. high specific speed) 

would show a strong asymmetric flow characteristic. The turbine shown 

in Figure 6.3 was of this type. Traverses in the relative rotor exit 

plane would identify whether the variation of flow properties at rotor 

inlet have propagated through to the rotor exit plane, however this data 

was not available. 

6.1.2.2 TOTAL TO STATIC TURBINE EFFICIENCY 

Figures 4.9 to 4.11 show the partial admission turbine efficiency 

results at three different non-dimensional speeds. The results are 

displayed using the mass flow ratio of the two entries to describe the 

effect of partial admission. Deviations of the efficiency results 

between full and partial admission have to be considered with respect to 

the size of the efficiency error at the appropriate rotational speed 

(Figure 4.20). In what follows, entry 'A' refers to the outer entry, 

i.e. the entry nearer the turbine discharge. Entry 'B' refers to the 

inner entry, the entry nearer the turbine rotor bearings and 

dynamometer. (Figure 1.3). 

At all reported rotational speeds the turbine efficiency under partial 

admission when one entry was blocked was lower than the full admission 

turbine efficiency, and the separation of the results was always greater 

than the maximum efficiency error. The peak turbine efficiency under 

this partial admission condition was typically 58 - 60% at a blade speed 

ratio of 0.65 - 0.7, this corresponded to a 10 - 12% fall in efficiency 

from full admission. In Figures 4.9 and 4.10 the results of the two 

conditions when each turbine entry was blocked were identical. The 

deviation between the two results was always less than the maximum 

turbine efficiency error. In Figure 4.11, at the highest rotational 

speed, the two results do not coincide. When entry 'B' was flowing the 

efficiency results were higher than Figures 4.9, 4.10 and entry 'A', 

Figure 4.11. 
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The result is significant as the difference between the two cases in 

Figure 4.11 was greater than the maximum turbine efficiency error. 

Whether this was a feature of higher rotational speeds is unknown as 

Figure 4.11 is at the highest speed tested. 

Similarly, at all rotational speeds tested, the turbine efficiency under 

partial admission when the mass flow ratio of the two entries (iTig/niĵ ) 

equalled 0.5 was similar to the full admission turbine efficiency. The 

deviation between the two results was less than the maximum turbine 

efficiency error. 

By using the mass flow ratio to display the effect of partial admission 

conditions, all rotational speeds tested exhibited a mass flow ratio 

where the partial admission turbine efficiency was higher than the full 

admission turbine efficiency. 

This mass flow ratio varied between 1.5 and 2.0. (The tests 

were not conducted exactly at the same mass flow ratios, so a small 

scatter of values are shown). When the maximum efficiency error was 

taken into account the results of Figure 4.9 were marginal. At a blade 

speed ratio of 0.7, the error limit was 3.5% whilst the increase in 

efficiency under partial admission conditions was 4.1%. The results of 

Figures 4.10 and 4.11 were significant as the increase in turbine 

efficiency was over twice the error limit. Hence at all rotational 

speeds there was a partial admission condition where the turbine 

efficiency was higher than the full admission efficiency. This 

condition corresponded to an entry mass flow ratio of 1.5 to 2.0 with 

the outer entry 'A' flowing the majority. 

Figures 4.9 to 4.11 show that the efficiency results were asymmetric, 

i.e. the effect of throttling one turbine entry did not produce the same 

efficiencies as throttling the other. This effect occurred at all the 

rotational speeds tested. The only reported partial admission result on 

a similar type of twin-entry turbine was published by Pischinger and 

Wunsche (43). These are shown in Figure 1.5, Chapter 1. The results of 

reference (43) also showed that partial admission conditions exist where 

the turbine efficiency was higher than the full admission condition. 
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The maximum reported increase in turbine efficiency was 1.5%. The 

presentation format of the results in (43) does not allow direct 

comparison with the results of Chapter 4. Similarly, the accuracy of 

the results of (43) are not known. 

A discussion of the efficiency results under partial admission involves 

a discussion of the flow processes within the turbine rotor and how 

these processes are influenced by various rotor inlet flow conditions. 

As mentioned in the previous section, the variation of fluid properties 

at rotor inlet under partial admission conditions involves a strong 

axial component of velocity. This must interact with the downstream 

rotor passage and affect the work extraction and the overall turbine 

efficiency. 

The flow within the rotor is three-dimensional, viscous, compressible, 

and unsteady, complicated by over blade tip leakage flows interfering 

with the main passage flow. The complexity of the flow field, its 

measurement and prediction, has limited reported work to one and 

two-dimensional solutions. No mention has been made in the literature 

of the influence of the axial component of velocity at rotor inlet on 

efficiency. 

Two dimensional studies using flow visualisation techniques, Sugimoto et 

al (68), Wool ley and Hatton (69) do highlight areas of interest. 

Published results from two-dimensional prediction techniques are limited 

as they do not allow flow to migrate from one solution plane into 

another and the true three-dimensional nature of the flow is lost. 

Figure 5.6 shows the results of Sugimoto (68) and Wool ley (69) where 

flow visualisation techniques have been used in the inlet region of the 

rotor. (In the two diagrams in Figure 6.5 the direction of rotation of 

the turbine is different). 

At high negative incidence, a recirculation zone exists on the pressure 

surface of the blade, and at large positive incidence separation and 

recirculation are shown on the suction surface. These results are 

consistent across the passage width. Near zero incidence the results 

differ. Reference (68) showed no recirculation in the passage whilst 

(59) reported a suction surface recirculation zone. 
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A uniform field was reported in (69) at a negative incidence angle. 

These two studies did not investigate the influence of an axial 

component of velocity at rotor inlet. 

In a typical turbocharger turbine, the high specific speed design with 

the highly curved rotor to shroud profile requires a high turning rate 

from the flow field along the shroud to avoid separation. This implies 

large cross channel pressure gradients. The turbines of Figure 6.6 are 

not high specific speed designs and the results apply to the rotor inlet 

region before the shroud wall has begun to turn. The large amount of 

turning shown in Figure 6.6 in the rotor passage involves large blade to 

blade pressure gradients, large enough at high incidence angles to 

stagnate the flow on the blade surface. 

In a 90° inward flow radial turbine, two further turns are required in 

the passage, one axial toward the exhaust and one backward against the 

rotation of rotor exit. All three turning processes occur in the short 

length of a typical turbocharger turbine rotor, each producing strong 

cross channel pressure gradients and secondary flows. The close 

proximity of these flows infers that they will interact and any 

separation zones will be highly three-dimensional. 

The influence on these secondary flows of a variation in the axial 

component of velocity of rotor inlet may help to explain the variation 

in turbine efficiency observed. 

To predict secondary flows in a 30 flow field requires a sophisticated 

viscous computer code. Dawes (70) describes such a code utilising a 3D 

Navier Stokes solver employed on a large 90° inward flow radial turbine 

rotor (too large to be a turbocharger turbine). The results of (70) 

show qualitatively the presence and position of secondary flows within 

the rotor. 

Considering a blade to blade passage viewed from the side, the rotor 

inducer secondary flow would be influenced both by the curvature of the 

passage (as if a bend) and Coriolis forces. These would result in two 

contra-rotating secondary flows (hub to shroud on both blades) 

superimposed on a pressure to suction surface flow. 
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The Coriolis secondary flow would tend to promote the hub to shroud flow 

on the pressure surface to the detriment of the suction side. The 

results of (70) support this hypothesis with the flow on the inducer 

pressure surface predicted as moving toward the shroud at right angles 

to the blade passage (Figure 6.10), Similarly, this effect is much 

weaker on the inducer suction surface. Hence, at the inducer pressure 

surface there is a region where an axial component of velocity at inlet 

would be able to influence a secondary flow, e.g. hub to shroud flow in 

the rotor countered by shroud to hub flow in the housing (m^ / m^ ) 1) . 

This one mechanism is consistent with the rotor efficiency changes to 

conditions where m^ does not equal m^ . 

Work extraction from the flow occurs through the change in angular 

momentum of the flow across the rotor stage. Not only is the magnitude 

of the velocity change important, but also the radius at which it 

occurs. The balance between the two contributions of flow being turned 

at a higher radius or decelerated further at a lower radius is 

reflected in the overall efficiency of the turbine. 

Considering now the exducer portion of the rotor, (70) shows the major 

secondary flows on the suction surface are from hub to shroud due to 

centrifugal and Coriolis forces. The bulk of the flow appears biased to 

the pressure side pushing low energy fluid into the suction/shroud 

exducer corner. Whether inlet flow axial variations can propagate far 

enough to influence rotor exit secondary flows is unknown but this may 

be an additional mechanism of influencing rotor efficiency. Dawes (70) 

goes on to show that this region is strongly influenced by clearance 

flow over the top of the blades. 

6.1.3 ACCURACY 

Figure 4.12 is a summary of the results of the experimental steady mass 

flow error which was also shown in Figure 3,5, Chapter 3. The 

experimentally measured results were scattered at large flow rates, and 

a line drawn through the maximum values produced higher errors than 

those estimated from the I.S.O. standard. 
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This departure from the standard was attributed to a small leak in one 

of the two limbs feeding the turbine entries. 

The scaling of Figure 4.12 gave the appearance of an excessively large 

experimental error. The error at maximum flow was only 0.4% whilst the 

expected maximum error was 0.15%. Hayward (48) comments that practical 

errors below 0.5%, using the published procedures and relationships with 

orifice plates, should be treated with caution. At these low levels of 

precision errors, the standard's assumption of negligible bias errors 

requires that these errors be an order of magnitude smaller. 

Practically, the presence of the leak, a flow dependent biasing error, 

undermined these assumptions. Thus at high flow rates, the bias error 

was added to the compounded precision errors to produce the higher 

experimental errors. 

In Figure 4.13 the compounding effect of mass flow, temperature, and 

pressure errors on non-dimensional flow were presented. Under partial 

admission conditions, the total mass flow was not large enough to cause 

the deviation between experimental and I.S.O. 5167 results to become 

apparent. Under full admission conditions this was not the case, and at 

high flows a deviation in non-dimensional flow error was apparent. 

Figure 4.14 shows that under full admission the mass flow error 

dominated the overall compounded error with both temperature and 

pressure being insignificant at low flows. 

Figure 4.13 also displays the weak dependence of non-dimensional flow 

error on speed, a reflection of the weak dependence of the 

non-dimensional flow/pressure ratio relationship on speed. The single 

partial admission line in Figure 4.13 and the single line in Figure 4.14 

were representative of results at all rotational speeds. 

The partial admission errors of Figure 4.13 were smaller than the 

equivalent errors under full admission. The partial admission results 

were taken from the extreme case of only one entry flowing. Results 

when both entries were flowing fall between the full and partial 

admission results. Comparing the two conditions at the same 

non-dimensional flow, the total mass flow and inlet pressure are higher 

under partial admission conditions. 
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Due to limitations in the experimental apparatus, the comparison was 

limited to low non-dimensional flows. With fixed precision errors, the 

larger total mass flow and pressure under partial admission produced 

smaller percentage errors. 

The pressure error was constant, but the mass flow error varied due to 

the effects seen in Figure 4.12 compounded with the use of two orifice 

plates under partial admission as opposed to three under full admission. 

The overall result was a smaller non-dimensional flow error under 

partial admission. 

Figures 4.15, 4.16 and 4.17 display the total to static efficiency error 

of the turbine as a function of non-dimensional speed and blade speed 

ratio. A strong speed dependence is evident in Figure 4.15, and Figures 

4.16 and 4.17 display the results of Figure 4.15 at different rotational 

speeds. The efficiency error rose with blade speed ratio and fell with 

increasing rotational speed. These trends were principally attributed 

to the fixed torque measurement error. Turbine torque rose with 

non-dimensional speed and decreasing blade speed ratio and thus the 

percentage torque error followed the reverse trend. 

Figures 4.15 and 4.17 detail the effect of the torque measurement error 

on overall efficiency error at the four rotational speeds tested. The 

dominance of the torque measurement error at all rotational speeds above 

a U/C value of 0.6 is evident, whilst below 0.6, the speed, temperature, 

and mass flow errors are all significant. Figures 4.16 and 4.17 show 

the importance of accurate torque measurement in assessing turbine 

efficiency, especially at high U/C ratios. At lower ratios, the larger 

torques are sufficient that errors from other sources are more 

important. The speed measurement error could be reduced by faster data 

acquisition through computer control. This would have an effect on the 

efficiency error at low U/C ratios. Testing at low rotational speeds 

was restricted by the accuracy of torque measurement. Peak efficiency 

at a non-dimensional speed of 0.417 was accurate to ±4.6% points of 

efficiency. 
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Figures 4.18 and 4.19 display the errors in non-dimensional blade speed 

ratio as a function of rotational speed and blade speed ratio, under 

full admission conditions. The effect of rotational speed on error is 

evident in Figure 4.18, whilst Figure 4.19 shows that the speed 

measurement error dominated the overall blade speed ratio error. 

The error in U/C ratio was smaller in percentage terms than the error in 

turbine efficiency, and errors in U/C were only apparent at very high 

values of U/C on the turbine efficiency/blade speed ratio results. Any 

reduction in the speed measurement error would have a strong effect on 

the non-dimensional blade speed ratio error. However, there is little 

incentive to reduce the blade speed error further as the dominant error 

on the efficiency/blade speed ratio graph is the turbine efficiency 

error. 

Figure 4.21 shows there was a negligible change in blade speed ratio 

error under partial admission conditions. This was because the overall 

inlet pressure error was assumed to be unchanged from full admission to 

partial admission, and that speed measurement errors were similar during 

partial admission testing. 

Figure 4.20 displays the increase in turbine efficiency error due to 

partial admission. At the same non-dimensional blade speed ratio, the 

pressure ratio, temperature, and rotational speed are all the same. 

However, the mass flow is lower under partial admission for the same 

overall pressure ratio, which produces a higher mass flow error (Figure 

4.12). Similarly, for the same pressure ratio, the torque is lower 

under partial admission, and with a fixed torque measurement error, 

produces a higher percentage error. The decrease in torque and mass 

flow under partial admission conditions leads to higher turbine 

efficiency errors. The overall error is still dominated by the torque 

measurement error. 
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6.1.4 SUMMARY OF STEADY FLOW RESULTS 

Under full admission testing the peak total to static efficiency of 

the study turbine was found to be 70%. This was lower than other 

published data on 90° radial flow turbines and highlighted the 

importance of off-design efficiency and mechanical considerations 

on the aerodynamic design of small radial turbocharger turbines. 

Partial admission results revealed large departures in flow from 

full admission. The flow capacity of each entry of the turbine was 

a strong function of the pressure ratio between the entries. The 

shape of the partial admission flow characteristic showed a strong 

correlation with the shape of the turbine housing near its exit. 

Flow angle measurements across the turbine housing exit plane have 

shown an axial component of velocity exists under both full and 

partial admission conditions. Under partial admission conditions, 

the axial variation of fluid properties at rotor inlet was 

• increased. 

Turbine efficiency under partial admission was up to 5% higher than 

under full admission when the mass flow ratio through the two 

entries was held constant at between 1.5 and 2,0. The majority of 

the flow was in entry A, the entry on the shroud or exhaust side of 

the turbine housing. Typically with one entry blocked, the turbine 

efficiency fell by 10-12%. 

A viscous, three dimensional flow prediction has shown the presence 

of secondary flows within the rotor. It was proposed that these 

secondary flows were influenced under partial admission inlet 

conditions resulting in the changes in turbine efficiency. 

The principal source of error in the steady flow experiments was 

the torque measurement error when calculating efficiency, and the 

mass flow measurement error when calculating flow capacity. 

Testing at low rotational speeds is limited by the accuracy of the 

turbine efficiency results. 
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6.2 UNSTEADY FLOW RESULTS 

6.2.1 FULL ADMISSION 

6.2.1.1 NON-DIMENSIONAL FLOW VERSUS TOTAL TO STATIC PRESSURE RATIO 

Figures 5.1 to 5.14, display the results of the unsteady flow tests 

under full admission conditions at both 40 and 60Hz. 

Test results at the higher frequency of 60Hz covered a reduced range of 

turbine inlet pressures during testing compared with those at 40Hz. 

This is evident in Figures 5.1 to 5.4. These first four figures do not 

display the effect of error, but highlight the weak effect of frequency 

on the unsteady flow results. 

The deviation from the steady flow results became progressively larger 

as average test pressure and flow increased, but remained virtually 

insensitive to frequency and rotational speed over the range tested. 

The results did not show a consistent trend with speed, and when error 

is included any small speed effect is lost. Figures 5.1 to 5.4 do show 

that the unsteady flow results at low mean inlet pressures followed the 

steady flow's weak speed dependence. The deviation of the results from 

the quasi-steady assumption was largest at high pressure ratios where 

the speed dependence of the steady flow results is very weak. Hence any 

additional effect of speed on the unsteady flow results, such as the 

deviation from the quasi-steady assumption, was negligible. 

The deviation of the unsteady flow results from the steady flow results 

appeared as a loop arranged symmetrically about the steady flow 

characteristic. The periods during an unsteady pulse when the rate of 

change in flow properties was small occurred at a single point 

corresponding to the minimum pressure, and over a short period around 

the maximum inlet pressure. These points of momentarily steady flow 

(dm/dt, dP/dt^O) during unsteady flow, corresponded to the regions when 

the instantaneous unsteady operating point crossed the steady flow 

results. 
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Hence the periods when the unsteady flow results deviated from the 

steady flow results corresponded to periods of acceleration and 

deceleration of the flow. At the instant when the flow was steady, the 

quasi-steady assumption was valid. 

Figures 5.5 and 5.6, illustrate the magnitude and trends in the errors 

of both instantaneous non-dimensional flow and pressure ratio. The 

errors under unsteady flow are larger than under steady flow due to the 

higher errors of mass flow measurement using the hot wire anemometer 

(typically x 4, ref. section 3.5) and higher pressure measurement errors 

using the 'Schaevitz' pressure transducers (typically x 5). The 

non-dimensional flow error is dominated by the mass flow error which is 

itself dominated by the accumulative hot-wire anemometer calibration 

errors. The effect of rotational speed on the errors was negligible, as 

in the steady flow results, and only one line is shown for all speeds in 

Figures 5.5 and 5.6. Similarly, calibration of the hot-wire anemometer 

revealed a negligible change in error between 40 and 60Hz. The rising 

pressure ratio error with non-dimensional flow was due to the increasing 

size of the dynamic head error relative to the static pressure error. 

Steady flow pressure error appeared as a constant pressure ratio error 

as the error in dynamic head was an order of magnitude lower. 

Figures 5.7 to 5.14 display the results of the full admission unsteady 

flow tests with the error bands added. At each speed two tests are 

displayed at different mean inlet pressures. At 40Hz all the tests at 

the lower mean pressure were within the quasi-steady assumption when 

error was taken into account. The results of tests at the higher mean 

pressure all show a deviation from the quasi-steady assumption even when 

error was taken into account. This deviation ranges from a maximum of 

-7 to +1.8% of non-dimensional flow at the lowest rotational speed, to a 

maximum of -5.3 to +3.1% at the highest speed. Averaging all speeds at 

40Hz, the maximum width of the loop in Figures 5.7 to 5.10, at a given 

pressure ratio, was 7% of non-dimensional flow, occurring in the lower 

half of the pressure range. 
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At 60Hz, al] the tests at the lower mean pressure showed a small 

deviation from the quasi-steady assumption with an average maximum total 

deviation (width of the apparent loop) of 3,6%. At the higher mean 

inlet pressure all the results showed a deviation from the quasi-steady 

assumption, similar to 40Hz, varying from a maximum of -7.1% to +1.8% at 

the lowest speed to -5.3 to +5,3% at the highest speed. This led to an 

average maximum total deviation (width of the apparent loop) of 8.5%, 

1.5% higher than at 40Hz. 

The unsteady flow results at both 40 and 60Hz appeared as loops about 

the quasi-steady line. Earlier researchers, Benson (28,29,31), Wallace 

et al (32,33,37) Mizumachi et al (38) had discussed comparisons of mean 

parameters under unsteady and quasi-steady flow. The difficulty with 

any time integral mean over the cycle is firstly the influence of the 

method of combination of the three variables, flow, temperature and 

pressure, and secondly the effect of the non-linear relationship between 

pressure ratio and non-dimensional flow. A truly quasi-steady process, 

following a nozzle-like, parabolic characteristic will always show a 

deviation from the quasi-steady assumption when comparing time mean 

values of non-dimensional flow and pressure ratio over the cycle. The 

time mean non-dimensional flow is lower than the quasi-steady 

non-dimensional flow at the same time mean pressure ratio. The 

deviation is dependent on the local curvature of the characteristic and 

the shape of the air pulse. 

Tests at the higher frequency of 60Hz had a lower pressure range and 

thus spanned over less of the non-linear relationship between pressure 

and flow. If a time mean integral comparison was adopted, and the 

process truly followed the quasi-steady assumption, this would lead to 

the conclusion that as frequency rose, the unsteady flow results 

deviated less from the quasi-steady assumption. The time mean approach 

cannot resolve the question as to whether the magnitude of the rates of 

change of flow and pressure are a better indicator of the deviation from 

the quasi-steady assumption than the pulse frequency. This is also true 

of the results of Chapter 5 at 40 and 60Hz. The reduced pressure range, 

typically 76% peak to peak is nearly offset by the reduced pulse period, 

67%, resulting in approximately similar rates of change. 
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If the total mass flow (integrated over a pulse period) during unsteady 

flow was compared with that given by the quasi-steady assumption, 

similarly integrated, over the same pressure range, the results of 

Figures 5.7 to 5.14 were similar. Under unsteady flow at 40Hz, the 

experimental integrated mass flow was typically only 1.1% lower than the 

integrated quasi-steady flow, at 60Hz this rose to 1.4%. The readings 

varied from -2.6% to +1.1% throughout the tests indicating a large 

scatter about zero. With these small values a time mean flow approach 

would have revealed a similarly small deviation from the quasi-steady 

assumption completely missing the 7% maximum instantaneous deviations 

shown in Chapter 5. 

An increase in the magnitude of the errors shown in Figures 5.7 to 5.14 

would eliminate any deviation from the quasi-steady assumption. 

However, it would require a large, single, unaccounted discrepancy to 

counter the 7% maximum deviation from the quasi-steady flow. One method 

of producing a loop in the results, assuming the process to be 

quasi-steady, would be to introduce a phase shift in time between the 

mass flow and pressure readings. This would be identified by the 

minimum mass flow and pressure readings being displaced by a constant 

period of time. The unsteady flow results showed the minima varied by 

less than ±1% of the cycle period and the loop could not be attributed 

to an artificially induced phase shift. 

The loop in the results was produced by the mass flow record rising 

faster than the quasi-steady mass flow record deduced from the pressure 

record, and similarly falling faster after the peak pressure. The 

operating point travels around the loop in an anti-clockwise fashion. 

The mass flow leads the pressure under accelerating flow and 

decelerating flow. Figure 6.7 illustrates this point using the results 

of two of the unsteady flow tests, one at the high mean pressure, the 

other at the low mean pressure. Figure 6.7 shows the turbine flows more 

than the quasi-steady mass flow under accelerating flow and less under 

decelerating flow in the higher mean pressure test. 

The flow results of Chapter 5 showed a consistent deviation from the 

quasi-steady assumption up to a maximum of 1% of non-dimensional flow. 
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The deviation was larger in tests carried out at higher mean pressures 

and flows, but was not a function of instantaneous pressure or flow. 

The results show the higher the temporal rates of change of flow 

properties, the higher the deviation from the quasi-steady assumption. 

This accounts for the lack of apparent frequency dependence in the 

experimental results of Chapter 5 due to similar rates of change in all 

tests. The quasi-steady deviation appeared slightly larger under 

decelerating flow than accelerating flow although this deduction was 

marginal after the error analysis. 

A difficulty with the comparison between steady and unsteady flow 

through the turbine was the spatial variation between the inlet 

measuring station for total pressure, temperature and flow, the critical 

passage section controlling flow (rotor exit) and the measurement of 

turbine work (rotor shaft torque). Between the inlet measuring plane 

and rotor exit plane a finite volume, principally the turbine housing, 

exists. If we allow for a transient variation (from the quasi-steady 

assumption) in density to occur between inlet measuring plane and rotor 

exit, flow measured at the inlet plane would not be the same as that 

measured at rotor exit. As the pressure ratio across the turbine is 

dictated by rotor exit flow, and hence the back pressure on the housing 

'volume', a deviation from the quasi-steady flow characteristic would be 

expected due to the filling, and by the reverse argu ment emptying, of a 

finite volume between the measurement plane and the controlling orifice. 

Hence a transitory variation in pressure and thus density exists with 

the mass flow more correctly described by adding a first order rate of 

change term to the continuity equation across the turbine. 

The proposal is that the deviation from quasi-steady flow was due to the 

temporal rates of change of fluid properties becoming large enough to 

influence the spatial variation between the measuring plane and flow 

controlling throttle. The deviations could be attributed to the filling 

and emptying effects within the turbine housing. 
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A pressure wave is able to traverse the 'volume' many times during a 

pulse (25 times for 40Hz tests). Wave dynamics due to reflections, 

superposition and non-linear effects are therefore considered to be 

negligible. This may not be true however if the pulse shape were of 

greater amplitude and higher frequency. 

6.2.1.2 TOTAL TO STATIC EFFICIENCY VERSUS NON-DIMENSIONAL BLADE SPEED 

RATIO 

Figures 5.15 to 5.18, display the results of the instantaneous 

efficiency tests under full admission conditions at both 40 and 6GHz. 

The test results of Figures 5.15 to 5.18, correspond directly with the 

test results of Figures 5.1 to 5.4. The reduced pressure range of the 

60Hz tests resulted in a reduced "U/C" range. Each figure displays four 

tests without the error band shown. As speed rises, the test range of 

U/C values moves progressively higher. The pressure range of the tests 

varies little from speed to speed and thus it is the change in speed 

that shifts the results to higher U/C ratios. Unlike the earlier flow 

results, rotational speed has a strong influence through the turbine tip 

speed in the U/C ratio. The test results do not show any clear 

correlation between rotational speed and the deviation from the 

quasi-steady assumption. 

The deviations from the quasi-steady efficiency line are considerable in 

Figures 5.15 to 5.18, especially at high U/C ratios. The actual 

deviations will be discussed later when error is taken into account. As' 

in the case of the unsteady flow results, the instantaneous operating 

point approached the quasi-steady line at two points which corresponded 

to momentarily steady flow (dm/dt,dP/dt^0). These are at the point of 

maximum U/C, and over a short period at minimum U/C. 

The results of the instantaneous efficiency tests show considerable 

scatter in the magnitude of the deviation of the operating point from 

the quasi-steady line. 
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In Figure 5.16, where a loop is very pronounced, the operating point 

passes around the loop in an anti-clockwise fashion. The accelerating 

flow follows the quasi-steady line from high U/C ratios to low U/C 

ratios, the decelerating flow from low U/C ratios back to high ratios, 

through values below the quasi-steady efficiency. However, the 

deviations under accelerating flow are not consistent. Figures 5.15 and 

5.16 show tests at low mean U/C ratios where, under accelerating flow, 

there was no significant deviation. When error is taken into account, 

tests at 40Hz are inconclusive as to whether, under accelerating flow, 

there was a deviation. At 60Hz, the low mean U/C ratio tests show a 

similarly weak deviation under accelerating flow. Appendix IV shows the 

results from tests at 80Hz. The results here also show little deviation 

under accelerating flow but a considerably larger deviation under 

decelerating flow. Under decelerating flow at the lower mean U/C ratio 

tests, all tests at 40, 60 and 80Hz showed an increase in deviation from 

the quasi-steady line relative to accelerating flow. The high mean U/C 

tests appear to show a deviation under both accelerating and 

decelerating flow, however any conclusions from these lower torque tests 

has to include the effect of the large errors at high U/C ratios. 

Figures 5.19 and 5.20, display the magnitudes of the errors in both 

efficiency and U/C ratio as a function of U/C. The efficiency errors 

under unsteady flow were larger than under steady flow due to the larger 

mass flow, pressure and torque errors. 

The principal error under unsteady flow was torque error due to the 

estimation of instantaneous torque from instantaneous rotational 

acceleration, not from the load cell error. As this error is itself a 

function of speed, tests conducted at higher rotational speeds produced 

larger efficiency errors for a given U/C ratio. During steady flow 

testing, the efficiency error (for a given U/C ratio) fell as rotational 

speed rose. This was due to the rise in measured torque and subsequent 

fall in the percentage torque error. In unsteady flow testing, this 

trend was offset by a rise in torque error as a function of speed. The 

combined effect of these two opposing trends is shown in Figure 5.20. 
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As rotational speed rose, the fall in percentage torque error with 

speed, due to larger measured torques, becomes increasingly countered by 

the rise in instantaneous torque error due to higher rotational speeds. 

At a non-dimensional speed of 0.974, the error curve indicates larger 

efficiency errors than at a speed of 0.788, 

In the case of the instantaneous U/C ratio error, the error in speed 

measurement under unsteady flow was negligible. However, the pressure 

error, and thus ' C error, under unsteady flow was larger than under 

steady flow due to the use of the "Schaevitz" pressure transducers and 

the dynamic head measurement from the hot-wire anemometer. These errors 

combined to give errors of approximately the same magnitude under 

unsteady flow as steady flow, but were now a stronger function of ' C 

due to the higher total pressure measurement errors. The variation of 

U/C ratio error with rotational speed was due to the variation of 

pressure with rotational speed at a given U/C ratio. The error in U/C 

was far less significant on the results than the error in efficiency. 

Figures 5.21 to 5.28, display the instantaneous efficiency versus U/C 

ratio results at both 40 and 60Hz, with the error bands added. 

Concentrating on the tests at the lower mean U/C ratio, a loop was 

present in three of the four tests at 40Hz, and three of the four tests 

at 60Hz. The loop has the general feature of appearing, after the 

inclusion of errors, in the higher half of the U/C ratio test range. It 

is here that the accelerations and decelerations were largest in the 

test. 

Additionally as mentioned earlier, the deviation from the quasi-steady 

line was larger under decelerating flow than accelerating flow, with no 

deviation noticed under accelerating flow in three of the eight tests. 

Under decelerating flow, the deviation of the efficiency at a constant 

U/C value reached a maximum of -11% points of efficiency, averaging 

-6.3% over all speeds at 40Hz, and -7.2% at 50Hz. The average maximum 

deviation under accelerating flow was -2% for both 40 and 60Hz tests. 

— 2 4 8 — 



The inconsistency of the conclusions of the results from accelerating 

flows can be attributed to the variability of the signal to noise ratio 

of the instantaneous speed signal. This signal was passed through a 

filter which removed the higher frequency components of the speed 

signal. This was necessary in order to distinguish between rotational 

speed changes and, what were suspected as, relative movement of the 

dynamometer rotor due to vibration. Unfortunately this lead to some 

loss and corruption of the true torque signal by the use of a cut-off 

filter of frequencies relevant to the result. The cut-off frequency was 

not the same in all the tests to counter the variable noise content. 

The maximum cut-off frequency was manually varied from 204Hz to 323Hz. 

The faster events in the pressure, mass flow and thus isentropic power 

record were typically 500Hz, hence the filters employed were directly 

affecting the torque result. 

The period around the minimum of the torque signal corresponded to this 

high frequency (500Hz) region. The effect of the filter was to delay 

the smoothed response of the instantaneous torque signal during an 

abrupt change in shaft torque. For a short period after the minimum 

recorded torque, the filtered torque signal lagged behind the true 

torque. This momentary effect produced an artificially low efficiency 

(below the quasi-steady efficiency) under accelerating flow conditions 

entirely due to the damping effect of the filter. In the higher mean 

U/C tests, the torque changes are small and the noise relatively large. 

The effect of the filter was stronger and the lack of response 

post-minimum produced the variable results displayed in Chapter 5. If 

it were possible to improve the signal to noise ratio of the transient 

speed signal or filtering technique, all the efficiency results of 

Chapter 5 might not show a deviation from the quasi-steady analysis 

under accelerating flow. This certainly cannot be said of decelerating 

flow where the filter had no effect. 

The tests at the higher mean U/C ratios are subject to considerable 

error bands. These large error bands have obscured any discernible 

trends to confirm those found in the lower mean U/C ratio tests. 

Similarly, although the effect of noise on the transient speed signal 

has introduced artificial effects, some conclusions can be made. 
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The results do show agreement with the quasi-steady line during periods 

of momentary steady flow. During periods of both accelerating and 

decelerating flow all the results show a deviation from the quasi-steady 

line to lower efficiencies. As mentioned earlier, deviations under 

accelerating flow are accentuated due to the combination of the speed 

signal filter and flow history. Negative deviations under decelerating 

flow are not accentuated by the filter. The maximum deviation at 40Hz 

is -11 percentage points of efficiency with an average of 9.5%, whilst 

at 60Hz the maximum deviation is -10% with an average of 5.8%. The 

results show a consistent loss of efficiency when compared to the 

quasi-steady assumption, varying from zero to a maximum negative 

deviation of 11 percentage points of efficiency. 

The deviation of the instantaneous non-dimensional flow/pressure ratio 

characteristic from the quasi-steady line was both positive and 

negative. When the flow accelerated, the operating point deviated to a 

higher non-dimensional flow, when the flow decelerated, the point 

deviated to a lower flow. The deviation of the instantaneous 

efficiency/blade speed ratio characteristic was not symmetrical. Under 

accelerating flow the deviation was negligible, under decelerating flow 

the operating point moved to lower efficiencies. Under accelerating 

flow, the isentropic power was higher than the quasi-steady power, but 

the turbine torque was also larger, giving the same instantaneous 

efficiency as under quasi-steady flow. Under decelerating flow, the 

isentropic power was lower than the quasi-steady power, but the turbine 

torque was even lower, resulting in an efficiency below the quasi-steady 

efficiency. The fact that the instantaneous turbine torque exceeds the 

quasi-steady torque does not imply that the instantaneous turbine 

efficiency exceeds the quasi-steady efficiency. 

Extending the proposal of section 6.2.1.1, which forwarded the argu ment 

of filling and emptying of the turbine housing as the cause of the 

deviations in flow capacity, the turbine rotor and hence shaft torque 

measurement was conceptually separated from the inlet measuring station 

by the same volume. The mass flow and hence the available isentropic 

power along with the apparent blade speed ratio would then change before 

shaft torque. 
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' 5 Under accelerating flow this would lead to lower turbine efficiencies, 

under decelerating flow higher efficiencies. Section 5.1.2 described 

that all the torque signals were moved forward in time so that the 

minimum torque value was co-incident with the minimum values of mass 

flow and pressure. Hence, a shift due to the travel time of information 

from inlet to rotor has already been applied. The deviations shown in 

the results are beyong those simply explained by a time delay. 

A difficulty in extending the earlier filling and empyting argu ment 

concerns the separation of the flow capacity deviations from the turbine 

efficiency deviations. A solution to this point would have been to 

investigate whether the rotor incident flow followed the quasi-steady 

assumption or, if not, whether this explained the rotor efficiency 

deviations. As the rotor passage volume is small when compared to the 

turbing housing, it is more likely that the rotor incident flow would 

not follow the quasi-steady assumption and the rotor efficiency 

deviations could be explained by the instantaneous incidence flow. As, 

under full admission, no incidence flow condition exists which would 

lead to efficiencies higher than steady flow, so under unsteady flow the 

turbine efficiency would not be expected to exceed the steady flow 

values. However as to why the deviation is different under accelerating 

and decelerating flow would be best answered by experimental work 

monitoring rotor incident flow conditions. The author is aware that 

this area of study is currently being pursued. 

6.2.2 PARTIAL ADMISSION 

NON-DIMENSIONAL FLOW VERSUS TOTAL TO STATIC PRESSURE RATIO 

Figures 5.29 to 5.38, display the results of the partial admission 

unsteady flow tests at an air pulse frequency of 40Hz. The results are 

presented for turbine entry A plotted against the instantaneous total to 

static pressure ratio across entry A. 

Figures 5.29 to 5.32, illustrate the experimental results before the 

application of the error analysis. These figures show that the 

instantaneous operating point followed the partial admission steady flow 

results and not the full admission results. 
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As in the full admission unsteady flow results, the instantaneous 

operating point produced a loop about the quasi-steady result. 

Similarly, the periods when the instantaneous operating point crossed 

the quasi-steady line corresponded to periods of momentarily steady flow 

(drfi^/dt, dP^^/dt - 0 ) . Also, as in the full admission unsteady flow 

results, the deviation from the quasi-steady assumption showed no 

correlation with rotational speed. 

Figures 5.33 and 5.34, illustrate the errors in both instantaneous 

pressure ratio and instantaneous non-dimensional flow under partial 

admission conditions. The results were similar to those of Figures 5.5 

and 5.6, and the discussion of these figures (section 6.2.1.1) applies 

also to Figures 5.33 and 5,34. An additional detail of the errors under 

partial admission were the very low instantaneous mass flow encountered. 

Below a mass flow of 0.043 kg/s (corresponding to a ni of 
a Oa Oa 

2160 to 2400) the hot wire calibration had not been conducted. 

2 
This corresponded to a ^ . u limit of 35 kg/s/m . Any results below this 

limit were influenced by local vorticity, deviations from King's law, 

and lack of directional resolution which become progressively worse as 

flow velocities approach zero. 

The quasi-steady line of Figures 5.29 to 5.32 indicates that the mass 

flow in the turbine should have collapsed to far lower values than those 

measured instantaneously at the point of minimum inlet pressure. The 

deviation in the results at this point was due to the inability of the 

hot wire anemometer to measure and resolve the low flow encountered. 

The tests conducted at the lower mean inlet pressures showed large 

deviations from the quasi-steady result at minimum flow which were not 

necessarily correct, and were exaggerated by the anemometer. Above a 

flow of m jR.t = 2160-2400, the error analysis was applicable 
3 Oa Oa 

and any deviation was genuine. 

Figures 5.35 to 5.38, display the partial admission flow results with 

the error bands added. All of the tests, regardless of mean pressure 

level showed a deviation from the quasi-steady assumption. 
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The earlier tests under full admission at the lowest mean pressure 

showed no deviation (Figures 5.7 to 5.10), although the mean pressure of 

these tests was lower than that under partial admission. Under partial 

admission conditions, the pressure range during testing at 40Hz was 

similar to the pressure range of the full admission tests at 60Hz, the 

average rate of change of pressure in the partial admission tests being 

20% slower than any of the full admission tests. On the contrary, the 

average rate of change of non-dimensional flow in the partial admission 

tests was 75% higher than under full admission conditions at 40Hz, which 

corresponded to a 52% increase in the average rate of change of mass 

flow. Under partial admission, the temporal rates of change in mass 

flow were higher but those of pressure were lower at the same cycle 

frequency compared to full admission. 

The deviations from the quasi-steady assumption, expressed in terms of 

non-dimensional flow at a fixed pressure ratio, varied strongly from the 

high mean pressure tests to the low mean pressure tests. At the higher 

mean pressure, the maximum deviations varied from the lowest speed 

(-4.6% to +7.7%) through (0 to +8.9%), (-5,8% to +5,8%) to (-3.7% to 

+3.3%) at the highest rotational speed. Unlike the full admission 

tests, the maximum width of the loop did not coincide with the maximum 

deviations. If the span of the maximum deviations also represented the 

width of the loop as in the full admission results, the average maximum 

total deviation would have been 9.9%. For the tests at the lower mean 

pressure, ignoring results below a non-dimensional flow of 2400, the 

deviations were much larger, principally due to the magnifying effect of 

expressing small deviations of a small number as a percentage. The 

deviations were for the lowest speed (-6.9% to +13,9%) to (-8,1% to 

17,3%) at the highest speed. The average maximum total deviation at the 

lower mean pressure was 19.5% of non-dimensional flow. 

The loop in the results was produced by the mass flow record rising and 

falling quicker than the quasi-steady mass flow record. This is 

identical to the results under full admission conditions with the 

operating point travelling around the 'loop' in an anti-clockwise 

fashion. Figure 6,8 illustrates this point with the turbine exhibiting 

a higher swallowing capacity under accelerating flow and a smaller 

capacity under decelerating flow. 
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The partial admission tests recorded higher acceleration rates of mass 

flow at lower rates of change of pressure. However, whilst the average 

increase in mass flow acceleration was 52%, the average deviation 

increased approximately 30%. Qualitatively, these partial admission 

tests showed that an increase in deviation from the quasi-steady 

assumption corresponded to an increase in the acceleration and 

deceleration of the mass flow. This supports the proposal of section 

6.2.1.1 which introduced the argu ment of "filling and empytying" to 

explain the deviations. 

6.2.3 SUMMARY OF THE UNSTEADY FLOW RESULTS 

The unsteady flow and efficiency results showed that the 

instantaneous operating point of the turbine deviated from the 

steady flow and efficiency characteristics and did not follow the 

quasi-steady assumption. This was shown under both full and 

partial admission in the case of the flow characteristics, and 

under full admission in the case of the efficiency characteristic. 

The deviation from the quasi-steady assumption corresponded to 

periods of acceleration and deceleration of the flow. The 

deviation was not affected by rotational speed. The levels of 

acceleration and deceleration of the flow in tests at different air 

pulse frequencies were found to be the same. This accounted for no 

correlation being found between pulse frequency and the deviation 

from the quasi-steady assumption. 

Under decelerating flow, the instantaneous non-dimensional mass 

flow was smaller than the quasi-steady non-dimensional mass flow at 

a given turbine pressure ratio. Under decelerating flow the 

instantaneous efficiency of the turbine was less than that 

calculated assuming quasi-steady conditions. 
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Under accelerating flow, the instantaneous non-dimensional mass 

flow was larger than the quasi-steady non-dimensional mass flow at 

a given turbine pressure ratio. Under accelerating flow the 

instantaneous efficiency of the turbine followed the quasi-steady 

assumption, however this result was inconclusive in tests conducted 

at low torque levels. 

Figure 6.9 illustrates the four statements above. 

The maximum instantaneous deviation in non-dimensional flow under 

full admission was 7%, under partial admission, 8.9%. The 

acceleration and deceleration rates of mass flow were 52% higher 

in the partial admission tests. 

The maximum instantaneous deviation in efficiency under full 

admission was -1% points under accelerating flow and -11% points 

under decelerating flow. 

A comparison of the time averaged experimental non-dimensional flow 

with the time averaged,turbine pressure ratio revealed a deviation 

from the quasi-steady assumption. The deviation was dependent upon 

pulse shape and curvature of the turbine flow characteristic. 

Conclusions from time-averaged, or cycle mean, comparisons under-

predict the magnitude of the instantaneous deviations found. 

The deviation from the quasi-steady assumption would increase with 

both a higher mean turbine pressure ratio and larger pressure pulse 

amplitudes due to higher rates of change of flow. Thus, larger 

deviations may occur in some engines depending on the exhaust 

manifold pressure history. 
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CHAPTER 7 

SIMULATION OF A TURBOCHARGED, DIRECT-INJECTION, 

DIESEL ENGINE WITH A TWIN-ENTRY TURBINE 

INCLUDING PARTIAL ADMISSION DATA. 

7.1 INTRODUCTION: 

In chapter 7, the steady flow partial admission results of chapter 4 are 

added to an existing computer programme used for predicting the 

performance of direct injection, turbocharged diesel engines. This 

programme is based on a quasi-steady analysis of the exchange of energy 

between defined and characterised thermodynamic control volumes. The 

control volumes represent the manifolds, cylinders, turbocharger 

compressor and turbine, etc, connected together at their appropriate 

boundaries to simulate the complete engine. 

This type of quasi-steady engine prediction model is commonly referred 

to as a "filling and emptying" model, and the particular version used in 

this study is extensively covered in the referenced literature, Watson 

et al (3), (62), (63). This chapter does not discuss the details of the 

engine model, but concentrates specifically on the representation of the 

turbocharger turbine. References (3), (62), (63) describe the programme 

in detail, its assumptions, accuracy, and experimental verification, and 

the reader is referred to these references, principally (3) for the. 

complete review and (62) for the latest update. This chapter solely 

discusses the turbine model and the incorporation of partial admission. 
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The original turbine model, based on full admission information only, is 

compared with the new model which includes partial admission effects. 

The original model is henceforth referred to as the pseudo-twin-entry 

model (P.T.E.), and the new model as the twin-entry model (T.E.) The 

results of both models are compared with experimental data on a highly 

rated 8.2 litre, 6 cylinder, Leyland 500 series diesel engine fitted 

with a twin-entry turbine, similar to that used in this study. The 

experimental results presented formed part of the background work 

reported in (62). The deviation of the operating point of the turbine 

from the quasi-steady assumption under accelerating and decelerating 

flow is not included in the turbine model. 

The partial admission data of chapter 4 is limited in its range of 

speeds and pressure ratios, restricting comparisons to low engine 

speeds, with extrapolated data being required above 1200 rpm. Hence the 

experimental and predicted results are presented only at engine speeds 

of 1000, 1200 and 1500 rpm (peak torque). Additionally, the comparison 

is only presented at full load where the greatest deviation from the 

full admission flow/pressure ratio characteristic occurs. 

The chapter concludes with a discussion of the results and summary. 
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7.2 THE TURBINE MODEL 

7.2.1 THE PSEUDO-TWIN-ENTRY TURBINE MODEL (P.T.E.) 

The P.T.E. flow model employed within the engine simulation programme 

considered the flow through each turbocharger turbine entry totally 

separately. Using the inlet stagnation state of one of the turbine 

entries, a known turbocharger speed, and a known turbine outlet pressure, 

the flow capacity of the entry was calculated from a reduced non-

dimensional flow/pressure ratio characteristic curve. This was continued 

on a quasi-steady basis, over a time step of one degree of engine 

rotation throughout a complete engine cycle. Each entry of the 

twin-entry housing was assumed to flow one half of the full admission 

swallowing capacity curve. In effect, the derived full admission mass 

flow, for a given entry pressure ratio and temperature, was divided by 

two to give the flow rate through one entry. The entries were 

considered to have different temperatures, pressures and equivalence 

ratios, and no mixing occurred between the two, the mixing being 

calculated in the exhaust pipe after the turbine. 

For the calculation of turbine efficiency and torque, the full admission 

U/C versus efficiency graph was used, unsealed, for each entry. The 

appropriate entry state conditions and turbine outlet pressures were 

used to calculate the equivalent isentropic expansion velocities, C, and 

torques from the entry mass flows and efficiencies, again on a quasi-

steady basis. 

The P.T.E. model was analogous to splitting the single rotor, twin-entry 

turbine into two single entry turbines each with their own rotor on a 

common shaft. The total flow was the sum of the two individual flows, 

the shaft torque was the sum of the two individual torques, and two 

efficiencies were presented relating to each entry. 
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7.2.2 THE TWIN-ENTRY TURBINE MODEL (I.E.) 

The calculation of both flow and efficiency under partial admission 

conditions was achieved by adding to the turbine model correction 

factors for flow and efficiency which converted the full admission data 

to partial admission data. With the flow correction factors set to one, 

the T.E. model reverted to the P.T.E. model 

The results of chapter 4 provided the necessary data to calculate the 

correction factors for the twin-entry turbine, and this, along with the 

full admission data, completed the necessary data requirements of the 

model. 

In the case of calculating the non-dimensional flow/pressure ratio 

relationship under partial admission, the twin-entry turbine was still 

modelled as if it were two separate turbines, each with half the full 

admission characteristic, but the mass flow was now multiplied by each 

entry's non-dimensional flow correction factor. It is not necessarily 

the case, as with the study turbine, that the non-dimensional flow 

characteristics, and thus correction factors, are identical for each 

entry. With the entry's inlet stagnation state, turbocharger speed and 

turbine outlet pressure all known, the full admission mass flow through 

the entry was calculated. With the additional information of the total 

pressure in the other entry, the non-dimensional flow correction factor 

was found and by multiplying the two together, the partial admission 

entry mass flow calculated. Hence the "interaction" of the two entry 

pressures is introduced through the correction factors to calculate flow 

under partial admission conditions. This calculation was conducted for 

each entry, through the quasi-steady process as before and over the full 

engine cycle. 

In the case of calculating the efficiency and power of the turbine, 

mixing was introduced before the turbine rotor. Two flows leave the 

turbine volute, mix, and then enter the single rotor. In the T.E. model 

only a single torque and efficiency were calculated, analogous to the 

reality of a single rotor. A single equivalent isentropic expansion 

velocity was calculated from equation (3.18). 
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Knowing the turbocharger speed, the full admission efficiency was 

calculated from the full admission U/C versus efficiency data, and, 

knowing the mass flow ratio between the two entries, also the partial 

admission correction factor. Multiplying the two together gave the 

turbine efficiency under partial admission and via equation (7.1) the 

turbine power. 

Turbine power = • (m^ + m[^).iC -(7.1) 

In the T.E. model, two additional dependent variables are introduced 

into the graphical data for the turbine model, the total 

pressures in the other entry, and m^/m^ the ratio of entry mass flows. 

These are used to calculate correction factors from supplied data which 

converts full admission conditions to partial admission conditions. 

These correction factors do not take into account any deviation from the 

quasi-steady assumption due to accelerating and decelerating flow. 

Figure 7.1 shows the model diagrammatically. 

270 -



7.3 TURBINE MODEL DATA 

The turbocharger turbine fitted to the engine modelled in this chapter 

was not identical to the turbine which produced the results of chapter 

4. The turbine fitted to the engine was a Garrett 1.15 A/R, T04-B, 'F' 

trim whilst the results presented in Chapter 4 are derived from a 1.00 

A/R, T04-B, 'E' trim turbine. Both turbine rotors are from a common 

casting and have identical blading, but the 'E' trim turbine has been 

machined to a smaller rotor exit diameter (63 to 59 mm). 

The change of A/R ratio of the housing also changes the flow range of 

the turbine. Flow data supplied by the manufacturer for the 1.15 A/R 

'F' housing scaled approximately to the results of chapter 4 over the 

full admission range. Figure 7.2 illustrates the comparison. 

This allowed the assumption that the partial admission results for the 

smaller turbine could be employed on the larger turbine, as the smaller 

turbine was a scaled version of the larger. A similar assumption was 

applied to the efficiency results, the full admission data being supplied 

by the manufacturer and the partial admission data coming from 

chapter 4. 

The diesel engine modelled was a six cylinder, four-stroke engine with 

two exhaust manifolds, each serving one of the turbine entries. 

Cylinders 1 to 3 feed the outer turbine entry, cylinders 4 to 6 the 

inner. Through the choice of conservative exhaust valve timing and 

firing order, the exhaust processes in one exhaust manifold do not 

overlap. However the exhaust processes from manifold to manifold are 

anti-phase and interfere, with the blowdown pulse of one manifold group 

interfering with the pumping processes of the other. The turbine rarely 

works with equal inlet pressures, operating under partial admission 

conditions the majority of the time. A full specification of the engine 

is listed in Appendix VI along with the input data required by the 

engine simulation programme. 
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7.3.1 NON-DIMENSIONAL FLOW/PRESSURE RATIO DATA 

Figure 7.2 illustrates the self-supporting line of the 1.15 A/R 'F', 

turbine supplied by the manufacturer, and that of the 1.00 A/R, 'E', 

turbine tested in chapter 4. Also shown is a table comparing non-

dimensional flow at a given pressure ratio for the two housings 

illustrating the consistency of scaling of the two results. The self-

supporting line is a speed-independent representation of the turbine 

swallowing capacity, adopting the additional condition of a power 

balance between the turbocharger compressor and turbine, under steady 

flow. The use of speed independent turbine flow data is employed in the 

model, and the results of chapter 4 were approximated to copy this 

format. At low pressure ratios, the self-supporting line follows the 

slowest speed tested and at high pressure ratios,a 2.0, the highest 

speed tested. 

Figures 7.3 and 7.4 illustrate the partial admission results of chapter 

4 and their conversion into the non-dimensional flow correction factors 

for the turbine model. Figure 7.3 is a repeat of figures 4.5 to 4.8, 

the partial admission results. Figure 7.3 has drawn on the graph lines 

of constant mean turbine entry pressure ratio, + P^^) / Z.Pg , and 

lines of constant non-dimensional flow correction factor, 

I / j i ! a S a \ 

^oa yfa 

The above parameter is the ratio of the non-dimensional flow under 

partial admission conditions to the non-dimensional flow under full 

admission conditions, at the same entry pressure ratio. When the ratio 

equals one, the line is the full admission characteristic where P^g/Pg 

equals P^^/Pg for the study turbine. These parameters have been chosen 

to divide the data field into blocks that are amenable to simple linear 

interpolation. The highly non-linear relationship between pressure 

ratio and mass flow produces large errors in mass flow if linear 

interpolation is attempted at low pressure ratios over too large a 

range. Thus the lines of mean turbine entry pressure are closer 

together at low entry pressure ratios to minimise mass flow errors. 
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The intersection of these lines form data points used in the computer 

programme to interpolate between and calculate the partial admission 

non-dimensional flow correction factors. As the partial admission 

results of chapter 4 are identical for entries A and B, so figure 7.3 is 

identical for each entry. 

Figure 7.4 is a re-arrangement of figure 7.3 which allows comparison of 

chapter 4's results with those of other research groups. Two additional 

sets of results are shown. The chain dotted line results are due to 

Pischinger and Wunsche (43) and an independent commercial test. The 

later test provided results at a mean turbine entry pressure ratio of 

2.19 allowing an extrapolated line to be added to the results of chapter 

4. Figure 7.4 shows that the plotted characteristics vary from turbine 

to turbine. The results of Pischinger and Wunsche (43) show less of a 

reduction in non-dimensional flow due to a pressure imbalance between 

the turbine entries than the study turbine. The results from an 

independent commercial test, on a larger turbocharger turbine than the 

study turbine, showed a similar result but with flow being more 

restricted only in the higher flowing entry under partial admission. 

7.3.2 NON-DIMENSIONAL BLADE SPEED RATIO / TOTAL TO STATIC 

TURBINE EFFICIENCY DATA 

Figure 7.5A compares the manufacturer's supplied data with the results 

from the turbine dynamometer for the same turbine, 1.00 A/R, 'E'. The 

manufacturer's data includes the bearing losses in the calculation of 

turbine efficiency. Comparing the two sets of data, the difference in 

efficiency allows the bearing losses to be calculated. These are shown 

to be approximately 112 watts, whereas references Sumi and Yamane (15) 

and Macinnes and Johnston (16) indicate that 590 watts is typical at 

this rotational speed with TO4 size journal and thrust bearings. Adding 

a bearing loss of 590 watts to the aerodynamic efficiency results 

produced a third line below the manufacturer's data. The manufacturer's 

data for the 1.15 A/R, 'F' turbine fitted to the engine was corrected 

for the higher bearing losses by scaling the results of figure 7.5A. 
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Figure 7.5B displays the U/C versus efficiency data used in the computer 

programme for the 1.15 A/R 'F' turbine after correction for bearing 

losses. At the two non-dimensional speeds of 0.650 and 0.982, 

aerodynamic efficiency data was available from chapter 4 to calculate 

the scaling factors for bearing losses similar to references (15) and 

(16). At the higher speeds of 1.194 and 1.362, the scaling results of 

0.982 were used. The manufacturer also supplied the extrapolated data 

shown in figure 7.58 in order to cover completely the U/C range. 

Figure 7.6 is taken from the results of chapter 4, figures 4.9 to 4.11, 

where the new dependent variable, n^/m^, the mass flow ratio of the two 

entries was introduced. Figure 7.6 displays the blade speed ratio 

versus partial admission efficiency correction f a c t o r , f a ' the 

efficiency under partial admission divided by the efficiency under full 

admission at the same U/C value. Lines of constant turbine entry mass 

flow ratio are shown varying from no flow in entry 'A', m^/m^ = 0, to no 

flow in entry 'B', m^/m^ = o®. A speed dependency was evident only when 

the correction factor was less than one, and is illustrated by the two 

dotted lines and chain dotted line at different speeds when iriĵ  = 0. For 

the programme data requirements, the weak speed dependency was ignored 

and the highest speed line chosen as most representative, along with the 

assumption that the results for m^/m^ = 0 and are identical. The 

solid lines are the values of the partial admission efficiency 

correction factor as a function of U/C and m,/rfi. which were used in the 
a D 

engine simulation programme to correct turbine efficiency for partial 

admission effects. 

Figure 7.6 was not amenable to simple linear interpolation as the mass 

flow ratio lines are co-incident at 0.5 and 1.0, and also 0 a n d ® ® . 

Figure 7.7 is figure 7.6 redrawn and split into two graphs, one for 

m^/m^ = 0 to 1.0, the other for m^/m^ = 0 to 1.0. The graphs of figure 

7.7 allow linear interpolation between points of data over the full 

range of mass flows in each limb. The computer programme interpolated 

around figure 7.7 to find the efficiency correction factor for a given 

U/C and m^/m^. Figure 7.7 formed the data requirement of the partial 

admission turbine model in the simulation programme. 
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It is not possible to simply compare these results with other workers 

easily, due to the lack of knowledge of how ' C , the isentropic 

expansion velocity was calculated. 
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7.4 EXPERIMENTAL AND SIMULATION RESULTS 

Table 1 presents the experimental engine results and simulation results, 

at full load, from the test engine at three engine speeds 1000, 1200 and 

1500 rpm. The simulation results are presented for two cases, the 

P.T.E. model using full admission turbine data only and the T.E. model 

using partial admission data. The results at 1500 rpm required the 

extrapolation of the turbine data from chapter 4 to both higher pressure 

ratios and higher rotational speeds. 

An advantage of simulation programmes is not only in predicting absolute 

engine performance, but in predicting the relative change in performance 

when the engine's configuration, or build, is altered. Table 1 shows 

the relative change as well as the absolute change in the engine's 

parameters when the T.E. model is substituted for the P.T.E. model. 

Table 2 presents simulation results with the test engine using different 

partial admission correction factors. One case is presented using an 

approximation of the partial admission efficiency correction factors 

measured by Pishinger and Wunsche (43). Another case utilises 

asymmetrical partial admission flow data obtained from an independent 

commercial test. (The partial admission efficiency data is unaltered). 

Three cases are presented where the effect of partial admission data on 

turbine flow and efficiency are shown separately by setting the partial 

admission input data to 1.0. 

The experimental values of friction mean effective pressure, F.M.E.P., 

and indicated mean effective pressure, I.M.E.P., have been obtained from 

the cylinder pressure/cylinder volume results and a knowledge of brake 

mean effective pressure. Also shown, for the simulation results, are 

turbocharger parameters time averaged over the engine cycle. For the 

P.T.E. model, two mean efficiencies are shown which cannot simply be 

averaged for the calculation of overall turbocharger efficiency. Thus, 

the overall turbocharger efficiency for the P.T.E. model is 

inappropriate, and the mean power and torque are shown. Additionally, 

two mean turbine entry pressure ratios are shown for the twin-entry 

turbine. The results of tables 1 and 2 are discussed in the next 

section. 
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Figures 7.8 to 7.10 compare the simulation results at 1000 rpm of the 

P.T.E. and I.E. model. Figure 7.8 illustrates the effect on the 

pressure ratio/mass flow relationship in the exhaust manifolds due to 

the inclusion of partial admission data. Figure 7.9 illustrates the 

effect on the efficiency, and torque produced by the turbine due to the 

inclusion of the partial admission data. Figure 7.10 compares the 

operating point of the turbine on the engine with and without the use of 

partial admission data. The P.T.E. model is constrained to operate 

along the full admission swallowing capacity curve and efficiency curve 

indicated by a dotted line on the figures. Figures 7.11 to 7.13 repeat 

the presentation for an engine speed of 1200 rpm and figures 7.14 to 

7.16 for an engine speed of 1500 rpm. These results are discussed in 

the next section. 

Figures 7.17 and 7.18 compare the experimental exhaust pressures with 

the predicted exhaust pressures using the P.T.E. and T.E. model.Figure 

7.17 illustrates the results for the exhaust manifold connected between 

cylinders 1, 2 and 3 and the outer turbine entry. This manifold has the 

larger volume of the two at 0.002317 m . Figure 7.18 illustrates the 

result for the exhaust manifold connected between cylinders 4, 5 and 6, 

and the inner turbine entry. The volume of this manifold is 0.001335 
3 

m , approximately 58% of the outer manifold. The two pressure 

transducers which recorded the experimental results were sited at 

turbine entry, i.e. at the exit of the exhaust manifolds. The engine 

simulation programme assumes quasi-steady flow processes with no spatial 

variations of gas properties within the thermodynamic control volumes. 

The choice of position of the pressure transducers and the effect of 

pressure wave action compound to produce a phase shift between 

experimental and predicted results. The point of interest in figures 

7.17 and 7.18 is the prediction of the secondary pressure peak through a 

quasi-steady analysis. 
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7.5 DISCUSSION OF RESULTS 

Figures 7.17 and 7.18 compare the results of predicted and experimental 

exhaust pressures. As mentioned earlier, the appearance of a phase 

shift between the peak pressures reflects the compounded errors caused 

by the models quasi-steady analysis and lack of spatial resolution. 

However, the inclusion of partial admission effects has shown that the 

secondary peak in the pressure record is caused by the rise in pressure 

in the other turbine entry, and can be predicted through a quasi-steady 

approach. 

The experimental pressure measurements are wall static pressures and 

thus less than the true total pressure reading; similarly, the amplitude 

prediction is affected by constructive and destructive interference 

of pressure waves which can combine to produce amplitude changes as well 

as phase shifts. The results at 1000 rpm, where the velocities are 

sufficiently low and where the effect of pressure wave action is small, 

allow a closer examination. The T.E. model under-predicts the blowdown 

pulse. For the pressure pulse due to turbine "interaction", the smaller 

inner manifold pressure is under-predicted, and the larger manifold 

pressure slightly over-predicted. This suggests that the influence of 

the high pressure pulse in the outer manifold on the inner manifold is 

being under-predicted. The reverse is not apparent. This suggests that 

either the turbine is not acting fully "symmetrically" under partial 

admission conditions, or that a reflected compressive pressure wave from 

the turbine is increasing the amplitude. The results at 1200 rpm and 

1500 rpm also indicate a lack of symmetry in the non-dimensional 

flow/pressure ratio relationship for the turbine used on the engine. 

At the higher speed of 1500 rpm, the partial admission flow data is 

extrapolated, and without precise data any conclusions drawn from the 

use of this data is limited. Similarly, at higher engine speeds, the 

travel time of the pressure waves becomes more apparent on the 

experimental results with pressure oscillations becoming sharper and 

phase shifts becoming longer. In addition to these effects, deviations 

from the quasi-steady assumption (chapter 5) have to be considered. 
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Deviations from the quasi-steady assumption, particularly at the higher 

engine speeds (forcing frequency), and turbine pressure ratios, would be 

comparable to those shown in chapter 5. Incorporating these effects into 

figures 7.17 and 7.18 would account for a ±0.1 bar deviation between 

quasi-steady and experimental results, at an engine speed of 1600 rpm 

(40Hz). 

Figure 7.3 shows the extent of the available partial admission flow 

data, figures 7.10, 7.13 and 7.16 show the extent of the required data. 

The data in figure 7.10 at 1000 rpm is an interpolation of the data of 

figure 7.3. The non-dimensional flow/pressure ratio data in figure 7.13 

at 1200 rpm is an interpolation of the data of figure 7,3, except at the 

highest mass flows, where extrapolation is required. For figure 7.16, 

at 1500 rpm, almost all of the required data lies outside of the 

experimental range. Similarly, the turbocharger speeds at 1200 and 1500 

rpm are beyond the maximum experimental speed, and the partial admission 

efficiency correction data obtained had to be assumed to be speed 

independent. As engine speed increases so does the power in the 

turbocharger and the importance of the flow/efficiency data describing 

the turbocharger on predicted engine performance. Thus the uncertainty 

of extrapolated data becomes increasingly important and dominates any 

conclusions from comparing the P.T.E. and T.E. models at high engine 

speed. The lack of higher speed turbine dynamometer data has restricted 

the range of available data. 

A more detailed picture of the predicted pressures, flows and 

efficiencies, on an engine crank angle basis, are displayed in figures 

7.8 to 7.16. Figures 7.8, 7.11 and 7.14 contrast the results of the two 

turbine models at different engine speeds with respect to the flow and 

pressure ratios in the exhaust manifold. Clearly evident is the 

secondary pressure peak with the associated reduced amplitude of the 

blowdown pulse. Additionally, the collapse of mass flow during the 

interference period is evident, with at 1000 rpm the prediction of 

reverse flow from one exhaust manifold to another. (This was not 

permitted in the programme, if the flow was predicted below zero, the 

flow was constrained to zero). The very large oscillations in the value 

of the partial admission flow correction factor are shown. 
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The total flow of the turbocharger turbine is reduced by including 

partial admission effects, evident in that the cycle mean of the flow 

correction factor graphs is always less than 1.0. Thus, for a given 

unequal turbine pressure ratio, the sum of the two entry flows was 

always less when partial admission was taken into account than by using 

full admission data only. The increase in flow through one entry does 

not offset the loss of flow through the other. The higher the ratio of 

the turbine entry inlet pressures, the greater the discrepancies in 

total flow, and the stronger the effect of including partial admission 

data. 

Figures 7.9, 7.12 and 7.15 contrast the results from the two turbine 

models when calculating the torque of the turbines. The P.T.E. model 

produced two U/C curves, two efficiency curves and two torque curves; 

the solid line is the outer manifold, the dashed line the inner. The 

T.E. model produced only one efficiency curve, one efficiency correction 

factor curve and one torque curve, calculated from a mean U/C curve 

based on the mass flows and the isentropic velocities from each entry. 

In figure 7.9, (1000 rpm), the torque graphs of the two models appear 

similar, as suggested by the cycle averaged results of table 1. Also, 

the mean value of the efficiency correction factor is very close to 1.00 

at approximately 0.99. In figure 7.12 the torque results from the T.E. 

model are higher due to the higher entry mass flows at low U/C values 

and the higher calculated turbine efficiencies using the T.E. model. 

The mean efficiency correction factor remains approximately 0.99. In 

figure 7.15, this trend is continued with the mean efficiency correction 

factor still remaining at 0.99. 

Comparing the turbine efficiency calculation procedures of the T.E. 

model with that of the P.T.E. model, the T.E. model calculates up to a 

5% higher turbine efficiency for given values of blade speed ratio. 

Appendix V compares the two calculation methods using the results of 

chapter 4. Appendix V shows that the two methods do not give the same 

answer, the P.T.E. model always predicting a lower turbine efficiency 

due to the non-linear relationship between efficiency and blade speed 

ratio. The deviation is a function of the mass flow ratio of the two 

entries, varying from 1.0 to 0.95. Thus when comparing the two models, 

the P.T.E. model automatically introduces an efficiency correction 

factor through the P.T.E. calculation procedure. 
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Table 1 compares the predicted engine performance with the experimental 

engine data. At 1000 rpm, both models over-predict mass flow by 1.9 to 

2.3%. This deviation can be attributed to the volumetric efficiency of 

the engine being over predicted at this speed. Both models predicted a 

volumetric efficiency of 89% whilst the experimental data showed a 

volumetric efficiency of 87.4% at this speed. At the higher speeds of 

1200 and 1500 rpm, the experimental and predicted volumetric 

efficiencies were within 0.5%. The errors in F.M.E.P. appear large due 

to the small values involved, in absolute terms the error is smaller 

than the I.M.E.P. or B.M.E.P error. At 1000 rpm, the simulation results 

of the two models appear similar with the T.E. model predicting closer 

boost pressure and turbocharger speed, the P.T.E. model predicting 

closer air mass flow. The small deviation between the models is 

attributed to the marginally higher turbocharger power. At this low 

engine speed and low turbocharger power level, the effect of 

differences in turbine torque has a small effect on the engine. 

At 1200 rpm, a deviation between the two models appears. The difference 

in cycle averaged turbine power has increased 4.8% giving rise to higher 

mass flows, boost pressure and turbocharger speeds. This rise in 

turbine power is attributed to higher turbine efficiencies and mass 

flows. The T.E. model calculates higher turbine efficiencies than the 

P.T.E. model (ref Appendix V), and this rise in turbine efficiency is 

greater than the fall through the partial admission efficiency 

correction factor. This net rise increases turbine power which leads to 

the higher mass flows and turbocharger speeds. Overall, the T.E. model 

over-predicts mass flow by 1.9%, whereas the P.T.E. model over-predicts 

by 0.8%, on all the other listed parameters the T.E. model is closer. 

At 1500 rpm, the deviation between the two models reaches 11.5% in 

turbine power. The effect of the 5% difference in the prediction of 

turbine efficiency at these higher turbocharger power levels is not 

being countered by a drop in turbine efficiency due to partial 

admission. The partial admission efficiency correction factor is 

a;0.99. Similarly, at these higher turbocharger power levels, higher 

turbine efficiency leads to higher torques to higher mass flow (3.! 

to higher boost (4.4%), and higher speeds (3.2%). 
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The T.E. model over-predicts air mass flow ( 3 . 4%) , boost pressure (3.6%) 

and turbocharger speed ( 0 . 7%) , but is closer to the experimental results 

on I.M.E.P, B.M.E.P, torque, and B.S.F.C. The T.E. model's improved 

accuracy in predicted B.S.F.C. is repeated through the improved 

prediction of pumping work due to better prediction of exhaust 

pressures. Unfortunately no experimental data was available to confirm 

this. 

At even higher engine speeds, the trend of the T.E. model to predict 

higher mass flows than the P.T.E. model is reversed. This is due to the 

higher turbine inlet pressures at a given engine speed choking the 

turbine earlier with the T.E. model. However, the accuracy of turbine 

flow and efficiency data is vital at high engine speed, and this is at 

present not available. 

The importance of the accuracy of the partial admission data is shown in 

Table 2 where the simulation results of different correction factors are 

shown at a single engine speed of 1500 rpm. Case no. 1 uses the partial 

admission flow correction factors of this chapter with the efficiency 

correction factors taken from Pischinger and Wunsche (43). These are 

approximated, as assumptions had to be made to translate the data of 

(43) to an appropriate form. The data of (43) shows similar trends to 

figure 7 but with a peak value of 1.02 instead of 1.07 at an unequal 

flow condition, and a minimum of 0.8 instead of 0.9 with one entry 

blocked. Overall, the partial admission efficiency correction factors 

are lower in (43) than the results of chapter 4. If these results are 

considered more appropriate at the higher turbocharger speeds, the 

simulation results show little change despite the drop in turbine 

efficiency causing a 2.5% fall in turbine power. Overall, the partial 

admission efficiency correction factor remains close to one, 0.99 with 

the data of chapter 4, 0.97 with the data of (43). Whilst the 

turbocharger speed is now predicted accurately, air mass flow is still 

over-predicted (2.3%) along with boost pressure (2 .9%) . All the other 

listed engine parameters show negligible change. Experimental results 

from (43) do not indicate that the partial admission efficiency 

correction factors at this speed (97,000 rpm) are large enough to 

compensate for the deviation between simulated and experimental results. 
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Case no. 2 uses the partial admission efficiency correction factors of 

this chapter with a data set from an asymmetric flow interaction turbine 

tested by an independent commercial company. This data came from a 

turbine where both of the turbine entries are biased towards the rotor 

exit, rather than directly over the rotor inlet as in this study 

turbine. As discussed earlier, the results of figures 7.17 and 7.18 

suggested flow asymmetry was present in the turbine and the simulation 

results show an improvement by using asymmetric data. Whilst the 

improvements in the prediction of I.M.E.P. and B.M.E.P. were very small, 

turbocharger speed error changed from +0.6% to -0.8%. However the 

over-predicted air mass flow was reduced to 1.3% and boost pressure to 

1.7%. Hence, the use of asymmetric data as suggested by engine 

experimental results has reduced the prediction errors and highlighted 

the sensitivity of the engine to turbine flow characteristics at high 

turbocharger power levels. 

Cases 3, 4, and 5 are a simple parametric study to confirm the trends 

mentioned earlier. In 3 the partial admission correction factors are 

set to 1.0 throughout the data field. This shows the effect of the 

different calculation methods in the two turbine models as described in 

Appendix V. The T.E. model shows an 8.6% higher cycle mean turbine 

power than the P.T.E model. The rise is not as high as table 1, as the 

turbine's entry pressure ratios are lower with the flow correction 

factor set to 1.0. In case no. 4, only the flow correction factor is 

set to 1.0, whilst the efficiency correction factor is as figure 7.7. 

The simulation results show a small change from case 3 to 4, confirming 

the weak effect of partial admission efficiency correction at this 

speed, the gains balanced by the losses over the cycle. Case 5 

highlights the strong effect of the flow correction factors where the 

turbine power rises from case 3 to the highest level of 24.9 kW, higher 

than the T.E. model as the efficiency correction factor is set to 1.0. 

Cases 3, 4 and 5 show the strong effect partial admission flow data can 

have on the predicted result, in contrast to the weak effect of 

efficiency data, particularly at high turbocharger power levels. In 

this study, this is interpreted as a requirement for accurate 

interpolated flow data rather than extrapolated data for accurate 

prediction results. 
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The reduction in blowdown pressure from the P.T.E. model to the T.E. 

model decreases the turbine torque over this period, although the 

increase in mass flow offsets this fall. As the majority of the torque 

is associated with this period, it is the prediction of pressure and 

mass flow during blowdown that dominate the turbine power calculation. 

Little torque can be attributed to the "interaction" or piston pumping 

secondary pressure rise. Whilst pressure rises, mass flow collapses and 

the small proportion of torque that does occur has the effect of 

equalising the integral sums of torque over the cycle for the T.E. and 

P.T.E. models. 

Finally figures 7.10, 7.13 and 7.16 illustrate the operating point of 

the turbine under partial admission on an engine at three different 

engine speeds using the T.E. model. The dotted lines on these figures 

represent the operating point of the turbine using the P.T.E. model. 

Figures 7.10, 7.13 and 7.16 show the large deviations away from the full 

admission swallowing capacity curve for both entries. The two loops in 

the curves, one for each entry, occur during the secondary, interaction 

pressure pulse. As speed rises, these loops disappear, the magnitude of 

the ratio P /P . falls with the turbine tending towards full admission oa Ob 

operation. At the highest speed the turbine entry is choked for a large 

percentage of the time. 

In the case of efficiency, the locus of operation of the T.E. model is 

similar to that of the P.T.E. model at low speed. However as speed 

rises, the U/C range data requirement for the T.E. model decreases. 

Whilst the P.T.E. model required data from a U/C value of 0.52 to 1.1, 

the T.E. model's data requirement at 1500 rpm was from 0.54 to 0.76, 

covered by the manufacturer's data in figure 7.5. However, this is only 

true under steady state operation; under transient operation data is 

required down to U/C values of 0.23, ref Dale and Watson (64). 

Partial admission flow data dominates the characteristic of the turbine 

and the use of experimental data is necessary. Interpolated rather than 

extrapolated data would improve predictions, but was not available due 

to limitations of the test rig. 
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7.6 CONCLUSIONS 

The experimental data of chapter 4 was added to an engine simulation 

programme and the predicted results compared with experiment. The 

inclusion of the partial admission characteristics of the turbine 

explained the rise in experimental exhaust pressure in one manifold of a 

twin-entry turbine due to the higher exhaust pressures in the other 

manifold. Previous predictions based on full admission data failed to 

predict this secondary pressure rise. 

The inclusion of partial admission data in the simulation programme 

required the use of experimental data covering the full operating range 

of the turbine when fitted to the engine. Use of extrapolated results 

introduced errors. Partial admission data had a strong influence on the 

power equilibrium of the turbocharger as the turbine operated under 

partial admission conditions the majority of the time. 

The engine used in this study was insensitive to changes in exhaust 

conditions due to a combination of exhaust valve timing, manifold 

volume, and cylinder grouping. Despite strong flow changes in the 

exhaust manifolds through the inclusion of partial admission data, the 

predicted engine B.M.E.P. rose by only 1.1%. The use of partial 

admission data principally improved the prediction of pressure in the 

exhaust manifolds through the changes to the swallowing capacity of the 

turbine. The changes in turbine efficiency due to partial admission had 

a weaker effect, the cycle averaged partial admission efficiency 

correction factor approximated to 0.99. 

The addition of partial admission data reduced the total mass flow 

capacity of the turbine due to operation at unequal turbine entry 

pressure ratios. The larger the inequality, the greater the reduction 

in total flow. The assumption of modelling the twin-entry turbine as 

two separate smaller turbines, under-predicted turbine efficiency when 

the turbine operated under partial admission conditions. This was 

similar to adopting a partial admission efficiency correction factor 

between 1.0 and 0.95. 
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TABLE 1.1 EXPERIMENTAL AND SIMULATION RESULTS FOR THE TEST ENGINE - 1000 rpm 

I 
hO 
QD 
OS 

I 

EXPERIMENT P.T.E. %CHANGE T.E. XCHANGE 
RESULTS MODEL MODEL 

(1) (2) ( l ) - ( 2 ) (3) ( 2 ) - ( 3 ) 

Engine Speed rpm 1010 1010 1010 
Engine Torque Nm 793 785 -1.0 785 -

B.M.E.P. bar 12.15 . 12.03 -1.0 12.03 -

Fuel injected/cycle/cylinder 1.01x10"^ 
Air mass flow kg/s 0.1037 0.1057 +1.9 0.1061 +0.4 
Air/fuel ratio 20.3 20.7 +1.9 20 .8 +0.4 
Boost Pressure bar abs 1.442 1.431 -0.8 1.440 +0.6 
Turbocharger speed rpm 63130 62120 -1.6 62830 +1.1 
B.S.F.C. kg/kW/hr 0.219 0.221 +0.9 0 . 2 2 1 -

I.M.E.P. bar 13.38 13.29 -0.7 13.29 -

F.M.E.P. bar 1.225 1.260 +2.8 1.26 -

Time averaged results over the engine cycle for the turbocharger. (Simulation only) 

Turbine entry pressure ratio _ 1.258 1.281 +1.8 
1.271 1.289 +1.4 

Turbine aerodynamic efficiency - 31.5 45.8 -

26.4 
Compressor efficiency - 68.4 68 .4 -

Turbocharger efficiency - (19.2) 30.4 -

Torque Nm - 0.765 0.774 +1.2 
Power kW - 4.98 5.09 +2.2 



TABLE 1.2 EXPERIMENTAL AND SIMULATION RESULTS FOR THE TEST ENGINE - 1200 rpm 

CO 

EXPERIMENT P.T.E. %CHANGE T.E. %CHANGE 
RESULTS MODEL MODEL 

(1) (2) (3) ( 2 ) - ( 3 ) 

Engine Speed rpm 1224 1224 1224 
Engine Torque Nm 1012 977 -3.5 980 +0.3 
B.M.E.P. bar 15.51 . 14.97 -3.5 15.02 +0.3 
Fuel injected/cycle/cylinder 1.23x10"^ 
Air mass flow kg/s 0.1572 0.1585 +0.8 0.1602 +1.1 
Air/fuel ratio 21.0 21.1 +0.8 21.4 +1.1 
Boost Pressure bar abs 1.787 1.770 -1.0 1.802 +1.8 
Turbocharger speed rpm 83500 81600 - 2 . 3 82920 +1.6 
B.S.F.C. kg/kW/hr 0.214 0.216 +0.9 0.215 -0.5 
I.M.E.P. bar 16.96 16.46 - 2 . 9 16.51 +0.3 
F.M.E.P. bar 1.452 1.49 +2.6 1.49 -

Time averaged results over the engine cycle for the turbocharger. (Simulation only) 

Turbine entry pressure ratio 1.483 1.537 +3.6 
1.518 1.552 +2.2 

Turbine aerodynamic efficiency - 40.93 57.6 -

36.7 
Compressor efficiency - 70.2 70.0 -0.3 
Turbocharger efficiency - (26.4) 39.1 -

Torque Nm - 1.396 1.439 +3.1 
Power kW - 11.93 12.50 +4.8 



TABLE 1.3 EXPERIMENTAL AND SIMULATION RESULTS FOR THE TEST ENGINE - 1500 rptn 

hO 
CD 
CO 

I 

EXPERIMENT P.T.E XCHANGE T.E. %CHANGE 
RESULTS MODEL MODEL 

(1) (2) ( l ) - ( 2 ) (3) ( 2 ) - ( 3 ) 

Engine Speed rpm 1500 1500 1500 
Engine Torque Nm 1072 1045 -2.5 1056 +1.1 
B.M.E.P. bar 16.43 16.01 -2.5 16.18 +1.1 
Fuel injected/cycle/cylinder 1.31x10"^ 
Air mass flow kg/s 0.2267 0,2257 -0.4 0.2343 +3.8 
Air/fuel ratio 23.05 23.0 -0.4 23 .9 +3.8 
Boost Pressure bar abs 2 .088 2.071 -0.8 2.162 +4.4 
Turbocharger speed rpm 96820 94410 -2.5 97430 +3.2 
B.S.F.C. kg/kW/hr 0.210 0.215 +2.4 0 .213 -0.9 
I.M.E.P. bar 18.09 17.73 - 2 . 0 17.92 +1.1 
F.M.E.P. bar 1.667 1.72 +3 .2 1.74 +1.2 

Time averaged results over the engine cycle for the turbocharger. (Simulation only) 

Turbine entry pressure ratio _ 1.810 1.906 +5.3 
1.862 1.934 +3.9 

Turbine aerodynamic efficiency - 48.9 61.8 -

45.1 
Compressor efficiency - 72.2 71.5 -1.0 
Turbocharger efficiency - ( 3 2 . 9 ) 42.9 -

Torque Nm - 2.242 2.422 +8.0 
Power kW - 22.17 24.71 +11.5 



TABLE 2: COMPARISON OF SIMULATION RESULTS FOR THE TEST ENGINE WITH DIFFERENT PARTIAL ADMISSION CORRECTION FACTORS 

Experi-
mental 
Results 

Twin-
entry 
Model 

TWIN-ENTRY 
MODEL WITH 

Partial 
Admission Eff 
As Ref (43' 

Assymetric 
Interaction 
(Flow only) 

P.T.E. 
Model 

TWIN-ENTRY MODEL 
WITH 

Partial Adm. Eff. Corr. Factor 
1.0 I Chap.7 J 1.0 

Partial Adm. Flow Corr. Factor 
1.0 1.0 Chap.7 

I 
hO 
CD 
vO 

1 

Engine Speed rpm 
Engine Torque Nm 
B.M.E.P. bar 
Fuel inj/cycle/cylinder 
Air mass flow kg/s 
Air/fuel ratio 
Boost Pressure bar abs 
Turbocharger speed rpm 
B.S.F.C. kg/kW/hr 
I.M.E.P. bar 
F.M.E.P. bar 

1500 
, 1072 
16.43 

1.31x10 
0.2267 
23.05 
2.088 
96820 
0.210 
18.09 
1.667 

-4 

1500 
1056 

16.18 

0.2343 
23 .9 

2.162 
97430 
0.213 
17.92 
1.74 

1500 
1055 

16.17 

0.2321 
2 3 . 7 

2.148 
96870 
0.213 
17.91 
1.74 

1500 
1057 

16.19 

0.2296 
23 .4 

2.123 
96060 
0.213 
17.93 
1.77 

1500 
1045 

16.01 

0 .2257 
23.0 

2.071 
94410 
0.215 
17.73 
1.72 

1500 
1049 

16.08 

0.2328 
2 3 . 8 

2.136 
96570 
0.214 
17.82 
1.74 

1500 
1050 

16.09 

0.2337 
23 .9 

2.143 
96810 
0.214 
17.83 
1.74 

1500 
1056 

16.18 

0.2351 
24.0 

2.168 
97620 
0.213 
17.93 
1.75 

Time averaged results over the engine cycle for the turbocharger 

1 
Turbine aerodynamic efficiency 61.8 60.3 61.3 62.9 63 .3 62 .2 

Compressor efficiency 71.5 71.5 71.8 72 .2 71.6 71.6 71.4 
Turbocharger efficiency 42.9 41.8 42.7 — 43.7 44.0 43.1 
Torque Nm 2.422 2 .374 2 .326 2.242 2 .380 2 .397 2.440 
Power kW 24.71 24.08 23.40 22.17 24.07 24.30 24.94 

CASE NO. 1 2 3 4 5 
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p., a 

m / t T , 

P ot 

Po, / Pz 1.15 A/R 'F' 1.00 A/R 'E' RATIO 

1.04 1.275 1.14 0.894 

1.08 1.90 1.66 0.874 

1.12 2.275 1.90 0.874 

1.20 2.735 2.40 0.874 

1.40 3.45 3.04 0.881 

1.60 3 .88 3.40 0.876 

1.80 4.15 3.64 0.877 

2.00 4.285 3.75 0.876 

2.08 4.315 3.775 0.875 

2.08 U n II 

.SGC^K^^ ( ful l adm.) 

FIGURE 7.2 Comparison between the self-supporting line flow 

capacities of 1.00 A/R 'E' turbine housing and the 1.15 

A/R 'F' housing. 
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FIGURE 7.3 Speed independent partial admission results of chapter 4 

for turbine entry 'A'. With lines of constant mean 

turbine entry pressure ratio and partial admission flow 

correction factor. 
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Chapter 4. 

Pishinger and Wiinsche (43). 

Independent commercial test. 

FIGURE 7.4 Partial admission non-dimensional flow correction factor 

versus turbine entry pressure ratio as a function of the 

mean turbine entry pressure ratio. 
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T04B, 1.15 A/R 'F' turbine. To, = 900°K, D = 0.070m. 
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CHAPTER 8 

CONCLUSIONS 

8.1 SUMMARY OF ACHIEVEMENTS 

(Section 1.2, Chap.l summarises the objectives of this work) 

An experimental facility was developed capable of measuring the steady 

and unsteady flow and efficiency of a twin-entry, radial flow, 

turbocharger turbine using an eddy-current dynamometer. 

Results were obtained under steady flow conditions for the flow and 

efficiency characteristics of the turbine, under both full and partial 

admission. The results covered the full flow operating range of the 

turbine, but over a reduced rotational speed range. The partial 

admission results revealed the importance of the ratio of turbine inlet 

pressures and flows in calculating overall turbine flow and efficiency. 

Results were obtained under unsteady flow conditions for the flow and 

efficiency characteristic of the turbine under full admission. Results 

were obtained only for the unsteady flow characteristics of the turbine 

under partial admission conditions. No results were obtained covering 

unsteady flow partial admission efficiency. An analysis of accuracy 

revealed no firm conclusions could be drawn from the unsteady flow, 

partial admission efficiency tests. The results covered the full flow 

operating range of the turbine, but over a reduced rotational speed 

range. The results showed the instantaneous operating point of the 

turbine deviated from the quasi-steady assumption during flow transients 

both under full and partial admission. 

The steady flow results under full and partial admission were applied, 

using the quasi-steady assumption, to a diesel engine performance 

prediction program. A revised twin-entry turbocharger turbine model 
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was developed. No attempt was made within the program to take into 

account the deviation from the quasi-steady assumption. By including 

the effect of partial admission in the model, the prediction of engine 

exhaust manifold pressure was significantly improved. 

8.2 CONCLUSIONS 

8.2.1 STEADY FLOW 

Partial admission results revealed large flow departures from full 

admission. The flow capacity of each turbine entry was a strong 

function of the pressure ratio between the entries. The flow 

characteristics of a twin-entry turbine cannot be represented by halving 

the full admission characteristic and applying the result to each entry 

in isolation. The partial admission flow characteristic showed a strong 

correlation with the shape and axial orientation of the turbine volute 

passage. 

The overall efficiency of the turbine under partial admission flow 

conditions was a strong function of the ratio of mass flows through each 

turbine entry. When the mass flow ratio was between 1.5 and 2.0, with 

the majority of the flow through the turbine's exhaust side entry, the 

efficiency of the turbine was up to 5% points of efficiency higher than 

under full admission. With either entry blocked, the turbine efficiency 

fell by 10-12%. Flow angle measurements across the turbine housing 

exit/rotor inlet plane revealed an axial component of velocity. This 

was forwarded as an explanation for the changes in turbine efficiency 

under partial admission. 

8.2.2 TURBOCHARGER TURBINE MODEL IN ENGINE PERFORMANCE PREDICTION 

The results of the steady flow tests were incorporated into an engine 

performance prediction program with a new twin-entry turbine model 

including partial admission effects. Turbine flow and efficiency data 

was required over a wide blade speed ratio range (0.3 - 1.0). Comparing 

experimental with predicted engine results, the inclusion of partial 

admission characteristics explained the rise in exhaust manifold 
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pressure due to the presence of a higher exhaust pressure in the other 

turbine entry. In a typical engine installation the turbine operates 

under partial admission the majority of the time with considerable 

departures from the full admission characteristic. The use of partial 

admission flow data improved the prediction of exhaust pressure. The 

changes in turbine efficiency under partial admission had a weaker 

effect. A previous model which modelled a twin-entry turbine as two 

smaller separate turbines was shown to under-predict efficiency. 

8.2.3 UNSTEADY FLOW 

The unsteady flow and efficiency results showed that the instantaneous 

operating point of the turbine deviated from the quasi-steady 

assumption. This was shown to be the case for the flow characteristic 

under both full and partial admission, and for the efficiency 

characteristic under full admission. No testing was reported for the 

instantaneous efficiency under partial admission conditions. 

The deviation from the quasi-steady assumption corresponded to periods 

of acceleration and deceleration of the inlet flow. There was no 

correlation between frequency or rotational speed and the deviation from 

the quasi-steady assumption. 

The maximum instantaneous deviation in non-dimensional flow was 1% under 

full admission and 8.9% under partial admission, at a given turbine 

pressure ratio. Under accelerating flow, the flow capacity of the 

turbine increased, under decelerating flow the capacity decreased. The 

maximum instantaneous deviation in efficiency was a loss of 11% under 

decelerating flow. The instantaneous efficiency deviations under 

accelerating flow were below 2% . 

Cycle mean comparisons under-predict the magnitude of the instantaneous 

deviations and are influenced by pulse shape. For the pulse shape used 

in this work, the mean mass flow rate coincided with the mean 

quasi-steady flow rate (-2.6 to +1.1%), but the mean efficiency fell 

below the quasi-steady value (1.5 to 5.5% points). 
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8.3 SUGGESTIONS FOR FUTURE WORK 

8.3.1 INSTRUMENTATION 

The results have been limited in their range of rotational speeds by the 

fragility of the dynamometer's high speed bearings. The lack of damping 

supporting the rotor has resulted in high loadings on the ball bearings 

during periods of vibration. Changing to damped supports would reduce 

the stresses induced by vibration on and near critical speeds. Testing 

could then be continued to higher speeds achieving the maximum 

70,000 rpm design speed of the eddy-current dynamometer. 

Full automation of data logging under steady flow should be completed. 

With the time taken to record all data shortened, the steady flow speed 

error could be substantially reduced improving the steady flow 

efficiency error at low blade speed ratio. Similarly, any improvement 

in the torque load cell measurement accuracy would reduce the efficiency 

error at high blade speed ratio. 

Unsteady flow testing revealed that deviations from the quasi-steady 

assumption are present but small. Improvements in the accuracy of the 

measurement of instantaneous torque and mass flow are required. 

Improvements in the torque measurement can be achieved by raising the 

frequency of the reference oscillator, increasing the number of readings 

taken, and reducing the inertia of the dynamometer. The latter implies 

unsteady flow testing can only be conducted up to a mean cyclic power of 

12kW. Any potential improvement in the accuracy of the hot wire 

anemometer is likely to be small. An alternative method would have to be 

found if accuracy is to be improved. An initial step to aid 

instantaneous efficiency measurements under partial admission would be 

to repeat the anemometer apparatus in the second entry so as to obtain a 

record of the flow in entry B. Additionally, a small benefit can be 

found from replacing the turbine inlet wall static pressure transducers 

with high speed total pressure probe transducers to eliminate the effect 

on total pressure measurements of mass flow error. 
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The pulse shape used was not representative of that found in an engine's 

exhaust system. In order to assess the consequences of deviations from 

the quasi-steady assumption on an engine, the profile of the pulse 

generator discs would have to be altered. 

The error analysis has only considered precision errors. As these 

errors are reduced further and further, the bias errors become 

relatively more significant. Understanding the effect of unforeseen 

bias errors through the error analysis would allow testing to continue 

whilst the accuracy of the instrumentation is refined. 

8.3.2 INTERNAL FLOW STUDIES 

In order to begin to understand the partial admission results, 

considerably more detailed 'in turbine' flow studies are required, 

separating pre and post rotor incident phenomenon. A knowledge of the 

flow properties at rotor inlet would separate the effects of housing and 

rotor under both steady and unsteady flow. To be able to spatially 

resolve the flow direction and velocity during unsteady as well as 

steady flow would allow conditions at any plane to be compared with the 

quasi-steady assumption. This would allow the validity of the phase 

shift of the torque signal with time to be assessed. To break down the 

turbine control volume into subdivisions would allow analysis across 

simpler geometries. 

The rise in turbine efficiency under partial admission conditions 

indicates that an improvement in current turbine efficiency is possible 

by housing design. Flow studies would help to identify where the 

improvement in efficiency came from, and the implications of this on 

turbine design. 

8.3.3 ENGINE PERFORMANCE STUDIES 

A case for mixed flow turbocharger turbines is proposed based on 

achieving peak turbine efficiency at a blade speed ratio of 0.5 to 0.6 

to maximise exhaust gas work extraction. Similarly, a lower specific 
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speed turbine wheel design with higher efficiencies may be able to 

offset its larger inertia and maintain transient response with improved 

steady speed engine efficiency. 

The present test range should be expanded to cover the full rotational 

speed range of the turbine when fitted to a high speed diesel engine. 

8.3.4 FUNDAMENTAL UNSTEADY FLOW STUDIES 

An investigation of a simple nozzle and pipe system, both theoretical 

and experimental is required to assess the validity of the quasi-steady 

assumption under far simpler flow regimes. The influence of inertial 

effects, non-equilibrium conditions, experimental accuracy, and 

transducer response have to be considered in isolation. 

8.4 FINAL REMARKS 

This work has highlighted two areas lacking in experimental data 

necessary to build an understanding of the performance of a twin-entry, 

turbocharger turbine under steady and unsteady flow. Firstly, the lack 

of steady flow data on the internal flow processes and regimes within 

the passage and rotor of the turbine. Secondly, a fundamental 

assessment of the quasi-steady assumption on simple pipe/nozzle/bend 

systems. It seems incorrect to approach the analysis of an unsteady 

process by reducing it to a quasi-steady process. However, without 

sufficient economic justification, this will always be the case. It 

will not be until experimental evidence highlights an error of suitable 

magnitude that the quasi-steady approximation will be questioned. This 

work has only scratched the surface. 
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APPENDICES 

CONTENTS: 

I. Test facility hardware specifications. 

II. Operator's guide to the test facility. 

III. Derivation of error equations used in Chapter 3. 

IV. Extension to Chapter 5, additional unsteady flow results, 

w = 80 Hz. 

V. Comparison of the calculation methods of turbine efficiency 

between the T.E. and P.T.E. turbine models, using full 

admission data only. 

VI. Specification of engine modelled in Chapter 7. 
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APPENDIX I 

TEST FACILITY HARDWARE SPECIFICATIONS 

Vibro-Meter S.A. Switzerland 

Analogue R.P.M. indicator Type ARI-l/A 

Serial no. F303 

0 - 50,000 rptn or 0 - 150,000 rpm indicated scales 

Accuracy ±\% of f.s.d. (of display) 

Stability < 0.05%/°C. 

Supplemented by a digital frequency meter 

Radio Spares Ltd. U.K. Type 610-972 

Integrated average reading updated every 1 second 

Accuracy ±10rpm from 20 to 100,000 rpm 

Bridge supply and Torque indicating unit Type PBA-l/A 

Serial No.E350 

0 - 2.8Nm or 0 - 28Nm indicating scales 

Lowpass filter, cutoff frequency = 12Hz 

Quoted overall accuracy ±0.25% f.s.d. (0.007Nm) 

Stability < 0.1%/°C 

Load cell 0 - 20Nm max capacity 

Thermal effects to be calibrated 'in situ' 

Datalab DL902 Transient recorders 

Data Laboratories Ltd. U.K. 

4 input channels (2 x DL902 recorders employed) 

Maximum sampling rate 25kHz 

IMHz conversion rate (analogue to digital), simultaneous sampling 

8 bit analogue to digital converter. 

2048 X 8 bit memory capacity/channel 
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Inlab Interface System (between transducers and BBC-B computer) 

3-D Ltd. U.K. 

Module R6BCDIP 24 bit opto-isolated digital inputs for three 

high speed transient recorders. 

Module R12ADF 12 bit high speed (25kHz) analogue to digital 

converter 

Module R8CR00 8 channel opto-isolated relay outputs 

Module R8CTA 8 channel differential amplifier for general 

transducers, single multiplexed output 

Module R-TACT-E 16 CHANNEL 'E' type thermocouple amplifier with 

automatic cold junction. 

Hot-wire anemometer. D.I.S.A. A/S Denmark 

DISA 55M System 

Type 55M01 Main unit plus type 55M05 Power pack plus type 55M10 CTA 

Standard bridge. 

Maximum frequency limits200kHz, though a function of probe type, 

cable and measuring conditions. 

± 3 m A accuracy, output noise limits turbulence measurements to 

typically 0.013%. 

Miniature hot-wire probe type 55P12. Rh-Pt 10 pm diameter, 1.78mm 

long. Mounted in probe support 55H20 with 55H150 mounting tube. 

Typical minimum velocity = 0.2 m/s 

maximum velocity = 350 m/s 

maximum response in air = 150kHz 

Fylde Electronics Laboratories Ltd. U.K. 

Differential D.C. pre-amplifier Type FE2546A 

Amplifies the d.c. signal from the strain-gauge pressure 

transducers and hot-wire anemometer. 

Stability < 0.02%/°C 

Drift 5 pV/°C 

Bandwidth D.C. to 40kHz 
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Bridge conditioner Type 492-BBS 

Balances and supplies the d.c. supply to the strain gauge pressure 

transducers. 

Stability < 0.02%/°C 

Noise and ripple < 0.01% of output 

Schaevitz EM Ltd. U.K. 

Strain gauge pressure transducers. Type P704-0001 

0 - 50 psi.g range 

Hysterisis +0.12 f.s.d. 

Uncooled compensated temperature range 0 to 100°C 

Thermal zero shift +0.001%/°C f.s.d. 

Thermal sensitivity shift ±0.01%/°C 

BBC-B micro computer 

Acorn computers Ltd U.K. 

Basic BBC type B computer plus additional second 6502 processor 

plus twin disk drives 

64k RAM potential, typically 44k available for data acquisition 

software program 

2 X 200k data storage available for data transferred from the INLAB 

interface. 

Vectron Laboratories Inc. U.S.A. 

50 MHz temperature compensated clock oscillator 

Model No. C0-231T, 50MHz 

Stability of frequency, ±1 ppm 

Temperature stability of frequency, ±5 ppm per 10°C change 

Accuracy, ±1 ppm 

Ageing, ±5 ppm per year. 
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Vibration Monitor. Vibrotector type VMS - 850. 

Vibro-Meter S.A. Switzerland 

CA 201 piezoelectric accelerometer. 

Frequency response 0.5 Hz to 4500 Hz. 

Sensitivity 100 pC/g 

Resonant frequency 14 kHz 

Linearity < \% from O.OOOlg to 20g 

Temperature range -54°C to 250°C. 

Vibration level output, velocity (after integration) 0-5 mm/s 

Low pass filter 1200Hz 

High pass filter 160Hz 

Eddy current dynamometer Series 65 

Vibro-Meter S.A. Switzerland 

Type 2WB65SHS Serial No. 83218 

Maximum braking torque 20Nm 

Maximum power 12kW 

(available above) 5730 r.p.m. 

Maximum speed 70000 r.p.m. 

(type 2WB65HS) 50000 r.p.m. 

Moment of inertia 0.00155 kgm^ 

Excitation current/voltage 7amps/15 volts d.c. 

Cooling water consumption 30 litres/kWh for temp rise 30°C 
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TRANSIENT SPEED RECORDER 

TURBINE DYNAMOMETER 

DESCRIPTION 

The transient speed recorder is a digital system used for recording the 

time between successive rotating "teeth" on a gear wheel attached to the 

dynamometer shaft. Two 14 bit binary counters are used alternately to 

sum the pulses of a 50 MHz clock over the "tooth period" (i.e. one tooth 

to the next, referred to as a segment). The number of "tooth periods" 

sampled is solely dependent on the capacity of the RAM which receives 

information from the counter. 

The first stages of each counter use the 74S197 (chips 4 and 8, sheet 2) 

as this ic will toggle at up to 100 MHz (input A). The following three 

stages use 74LS691's which toggle at a lower frequency, typically 20MHz. 

A steering flip-flop 74S74 (chip 14, sheet 2) is toggled with each 

segment pulse so that alternate periods of time (in the form of a number 

of 50 MHz pulses) are stored in the two binary counters. Typical 

propagation delays of the 74S74 are of the order of 4 nS. At the end of 

each segment pulse, the counter number is transferred to the RAM whilst 

the alternate counter begins to count. This ensures no dead clocking 

period between segment pulses. After each counter number is transferred 

to memory, the counter contents are reset to zero. This is achieved in 

three sequential stages - the first stage is a counter settling time 

(monostable 12 or 16), the second stage is the number transfer 

(monostable 12B or 16B) and the third stage, the clearing of the counter 

via monostable 13 or 17. 

SEQUENCE OF OPERATION 

The "stop/reset" button holds the steering flip-flop (chip 14, Q output) 

to "1", high, this prevents the flip-flop from toggling, and hence a 

counter (chips 4, 3, 2, 1 comprising one 14 bit counter) is left 

counting continuously. 
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Additionally, the transfer of counter number to memory is inhibited and 

the RAM address counter is reset to zero. The consequence of this 

technique is that the first two counter readings are meaningless, 

fortunately however, the number of samples exceeds the number required 

so the loss of two is negligible. 

The "start" sequence push button enables flip-flop S74 (chip 14B) to 

accept the next "air" pulse. On the occurrence of the next "air" pulse, 

the steering flip-flop (chip 14A) is unlocked, and can now be toggled by 

the segment pulses. The outputs of the two 14 bit counters are 

tri-state. The outputs of each counter are enabled when transfer to RAM 

is required. 

RAM ADDRESS COUNTER - SHEET 1 

The RAM address counter comprises three 74LS691 binary counters (chips 

24, 25, 26, sheet 1). The RAM's used are the AM9124 (1024 x 4 bit, 4 

chips 20, 21, 22, 23, sheet 1). When the counter number transfer 

occurs, the WE (write enabled line) to the RAM's is pulsed low (from 

monostables 12B or 16B, sheet 2). On the positive transition of the WE 

pulse, the RAM address counters are incremented. The sequence of 

operation continues until the RAM address counter reaches 1024, hence 

the last reading is not sequential and is ignored. Additionally, the 

"RAM full" LED indicates when address 1024 has been reached. 

DATA TRANSFER FROM RAM TO PROCESSOR, SHEET 1 

To initiate the transfer of stored data from RAM to processor, the RAM 

address counter is cleared by pressing the "stop/reset" button. This 

immediately puts the contents of RAM address zero on the read output 

lines via 74LS244 (chips 27, 28, sheet 1). When the processor has read 

the contents of address zero, the processor pulses high (74LS244, chip 

3, pin 11) which increments the RAM address counter by one, enabling the 

next transfer. In the present system, the two most significant bits 

(bits 2^^, 2^^) log the RAM address counter as part of our earlier 

commissioning procedures. 

R.D. Bloxham, A. Dale. May, 1986 

326 -



yagwnN ONi/Avya 

J L 

ffje. »4Pi'£3S cvr-# 

q/*jc. /9at^ At>t>^£SS CA/r^. 
M 

/ 
MtcfZo. 

n cn 2" 

rs I's) z'* r/= 

i fm; i7g"lX 

I 
•ŝ  
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APPENDIX II 

OPERATORS GUIDE TO THE TEST FACILITY 

RIG PERFORMANCE CAPABILITIES 

Compressed Air Supply: 

Air mass flow rate (filter stack limited) 0.95 kg/sec. 

Delivery pressure 3.0 bar g. 

Heater stack exit temperature (max) 200°C 

Air mass flow rate at 127°C (heater limited) 0.9 kg/sec. 

Pulse generator frequency range 16 - 160 Hz 

Smallest phase change between pressure 20° 

pulses of both entries 

Dynamometer: 

Turbine Speed - Minimum 5,730 rev/min 

- Maximum 50,000 rev/min 

Vibration Limited speed 'window' 19,000 - 24,000 rev/min 

Power absorption range 0 - 12 kW 

Torque range 0 - 20 Nm 
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2. START-UP PROCEDURE 

It is assumed that before start up all instruments have been checked and 

calibrated. 

1. Request laboratory compressed air supply (main workshop). 

2. Power up control panel - 240 V a.c. Switches at left-hand side of 

panel, behind panel, and in lab for "Scanivalve". (check 

Scanivalve step/home functions). 

3. Check air supply valve and bleed gate valve on its left are 

closed. Switch on control panel. 

4. Turn on dynamometer coolant pump - small junction box on rear wall 

of cell. 

5. Check water level in coolant system header tank (minimum about 

1 inch) - 'top up' as required with chemically treated water. 

6. Check coolant system pressure is about 25 p.s.i. - left-hand 

pressure gauge below header tank (right hand gauge should be less 

than 2 p.s.i.). 

7. Check coolant flow (viscose flow meter) - typically 7i litres per 

minute. 

8. Arm safety system (ensure 'stop button' is off first); 

i) check guillotine valve operation 

ii) open and lock valve 

iii) press reset button - on control panel 

iv) enable siren - on control panel 

v) check all warning lights are off 

vi) remove valve lock 

vii) check position of overspeed trip 
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9. Check oil level (glass flask beneath dyno.) and pressure, should 

be about 10 p.s.i. (gauge beneath dyno). 

10. Turn on h.s. bearing air-blast cooling valve on dyno. table 

(20 p.s.i.) and check bearing thermocouples are seated correctly. 

11. Check compressor air supply - left-hand pressure gauge next to air 

filter stack. If greater than 55 p.s.i. alert main workshop for 

corrective action. 

12. Turn on heat exchanger economy water supply on panel at main 

laboratory entrance - turn valve on, wait for white light, then 

switch off. 

13. Turn on dynamometer cooling water heater - monitor temperature to 

37.5°C max then switch off heater. 

14. Check air heaters are off - 36 kW and 9 kW switches on rig control 

panel should be in the 'up' position. 

15. Turn air heater power supply on - large junction box on rear wall 

of eel 1. 

15. Check position of air pulsator, particularly after unsteady flow 

tests to ensure no flow interference during steady flow tests. 

17. Check air heater thermocouple (at pulsator exit) is in correct air 

flow limb if conducting no flow partial admission tests. 

18. Check position of limb flow control valves, i.e. fully open during 

full admission tests. 

19. Check orifice plate diameter is correct. 

20. Select "Warm Up" mode for air heater control (activates 

thermocouple at base of heater stack). 

21 Apply dynamometer load (5V/0.8A). 
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22 Increase air supply rate to 2 p.s.i. (right-hand gauge). 

23 Switch 36 kW heater on - switch in down position. 

24. Increase air heater controller set-point until 'drive' light is on 

i.e. controller demand temperature exceeds air temperature at 

heater stack outlet. 

25. Increase set point gradually, so raising air temperature until 

approximately 100°C. 

26. Check air heater supply currents (ammeters next to heater stack; 

top row) - typically; 38A, BOA, 50A. 

27. Gradually increase air temperature controller set point to 140°C. 

28. By carefully switching the 9 kW heater on and off gradually 

increase heater exit temperature until it stabilises at about 

170-180°C. Increase air flow rate if temperature does not 

stabilise below 200°C. 

29. Check 9 kW heater supply currents (ammeters next to heater stack; 

bottom row) - typically : 12A, 12A, 12A. 

30 Increase air heater controller set point gradually until 

approximately 180°C. 

31. Wait until turbine inlet temperature is at approximately 120-123°C, 

regularly noting that heater exit temperature is less than 200°C. 
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32. Final rig air temperature control. 

i) Switch off 36 kW heater 

ii) Select "Normal" mode 

iii) Adjust controller set point to current displayed temperature 

(i.e. drive light is just on). 

iv) Switch on 36 kW heater 

v) Check all warning lights are off 

vi) Gradually increase set point such that Turbine inlet 

temperature = 127°C. 

33. Read laboratory barometer. 

34. Check bearing thermocouples are approximately the same as the 

dynamometer water temperature. 
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3. OPERATING PROCEDURE 

Having completed the "start-up procedure", we begin to rotate the 

turbine with the heated air flow. 

GENERAL COMMENTS 

a) The life of the bearings is limited, and is measured in the number 

of rotations, therefore keep high speed running to a minimum. 

b) The bearings have to be degreased and then re-greased at regular 

intervals based on service. This is a lengthy, troublesome 

procedure - again minimal running of the machine would be 

appreciated. 

c) Always plan the test procedure for the session so as nothing 

unexpected is likely to occur. Low power - low speed tests first, 

high power - low speed tests, second, low power - high speed tests 

third, and finally high power - high speed tests. Limiting 

vibration levels are speed not power dependent, therefore increases 

in speed should be gradual. Power absorption is strictly limited 

to 12 kW, but no wattmeter exists therefore an estimation of power 

beforehand is required to ensure this figure is not exceeded. 

Monitoring dyno. cooling water temp, will indicate any heat 

transfer problems during high power running. Bearing temperatures 

are also limited, these are both a function of speed and load, 

principally speed. Should these temperatures begin to rise slowly 

towards the limit of 50°C due to high speed and load - complete the 

test and reduce speed and load back to the "idle" (26,000 rpm) 

state. (The bearings should cool down t o ^ 4 0 ° C . ) . If the bearing 

temperatures begin to rise sharply without any apparent reason then 

end the test and stop the rig, preferably by a controlled 

deceleration back through the critical speed, (at worse, use the 

emergency button and apply a large braking load). Keep a close eye 

on bearing temperature, vibration level, dyno water temperature, 

speed and load - when in doubt slow down to "idle" or stop the rig. 
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d) Check that all the instruments and data logging equipment are 

functioning, a dummy test run with the dyno at low speed ( < 18,000 

rpm) is recommended. High speed tests have to be conducted quickly 

and with confidence, therefore practice the techniques at low 

speed. 

CRITICAL SPEED 

The dynamometer operates between its first and second critical speeds. 

Vibration levels close to the critical speed are excessive and seriously 

reduce the life of the bearings. 

A technique has been developed for passing through the first critical 

speed quickly to avoid resonance. Resonance processes have a time 

associated with them, accelerating quickly through the critical 

frequency does not allow enough time for the oscillations to build up. 

PROCEDURE FOR PASSING THROUGH CRITICAL SPEED 

** DO NOT ATTEMPT THIS WITHOUT SUPERVISION FROM LABORATORY STAFF! ** 

1. Reverse the excitation current slowly to allow the turbine to 

accelerate to 5000 r.p.m. Check to see that both speed indicators 

are working. If it is not possible to reach 5000 r.p.m., increase 

air flow by opening the main valve slowly. Always operate the main 

valve carefully, firstly to avoid heavy changes in load on the 

heater elements, and secondly to avoid over accelerating/de-

celerating the turbine into regions of high vibration. 

Increase the speed to 18,000 r.p.m. watching the vibration sensor, 

stop increasing speed if the reading exceeds 20*. The reading at 

18,000 r.p.m. (± 20 r.p.m.) should read less than 5 units with the 

sensor mounted on the front (turbine) bearing. 
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If these conditions are not met, the balance of the machine has 

been disturbed and requires stripping down and re-adjusting. It is 

best to also check vibration levels at the end of a test session so 

as to know whether subsequent testing is possible. 

2. Repeat balance/vibration level check at 18,000 r.p.m., but with 

enough mass flow to require 65-70 divs on the excitation fine dial 

control to hold the dyno speed steady, (zero on the coarse 

control). 

3. Re-adjust the fine and coarse dials so that all the excitation is 

on the coarse (still at 18,000 r.p.m.). 

4. OPTIONAL - Disable the vibration level trip for the safety system 

(This is only when one is confident of operating the rig). 

5. Switch on the oil supply to the flooded bush, wait until either the 

oil flow drips out of the dyno housing or the speed falls due to 

viscous drag. 

6. Turn coarse dial sharply to zero. The dyno will accelerate rapidly 

( ^ 1 5 , 0 0 0 r.p.m./second). When the analogue speed indicator passes 

25,000 r.p.m. apply load on both coarse and fine to slow the dyno. 

With skill and practice, the speed should not exceed 33,000 r.p.m. 

and be brought under steady control at 28,000 r.p.m. 

7. During this period the vibration signal should have risen and then 

fallen - once the signal falls, all has passed and the vibration 

level trip is re-armed and the oil supply to the bush switched off. 

A reading higher than 20 indicates a high level of initial 

imbalance therefore re-balance. 
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Having stabilised the rig at a chosen speed between 26,000 and 

28,000 r.p.m., mass flow and load are reduced to low levels. 

Bearing temperatures are noted and this condition, low load/low 

speed, forms the "idle" condition. Always return to the idle 

condition between tests to allow bearings to cool, remember bearing 

life is measured in the number of rotations. 
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PROBLEMS 

Passing through the critical speed does include momentarily high 

vibration in the rotor. With time, this disturbs the turbine/rotor 

connection and degrades the dynamic balance, eventually requiring 

maintenance. To avoid this, keep the number of passes to a minimum, 

test as much as possible above the critical speed until other factors 

force the testing to finish. Typically ten tests can be carried out 

before returning through the critical speed, often due to high bearing 

temperature. 

Passing through the speed too slowly causes very high vibration levels 

which will not only trip the safety system ending the test, but also 

disturb the turbine/rotor connection, probably requiring re-balancing. 

Initial poor balance causes a similar result regardless of acceleration 

rate. Passing through too fast quickly leads to OVERSPEEDING and lack 

of control resulting in OVERBRAKING back into the critical area causing 

excessive vibration. 

RETURNING THROUGH THE CRITICAL SPEED 

1. "Idle" at 26-28,000 r.p.m. (i.e. low power). 

2. Switch on oil supply to bush. 

3. When either the speed falls, or oil floods out of the housing apply 

a large braking load ( 1/4 turn of the coarse control) to quickly 

decelerate the dyno to below 10,000 r.p.m. 

4. Switch off oil supply to flooded bush. 

5. Accelerate to 18,000 r.p.m. and repeat balance/vibration check. 

6. Decelerate to 10,000 r.p.m. and either carry out instrumentation 

checks or follow the shutdown procedure. 
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4. SHUTDOWN PROCEDURE 

EMERGENCY SHUT DOWN PROCEDURE (ALL TURBINE SPEEDS) 

P R E S S R E D S T O P B U T T O 

The air supply guillotine valve will immediately close and so activate 

the safety shutdown system (e.g. turn off air heaters). 

The air supply control valve must be closed (at control panel) and air 

heaters switched off before the guillotine valve is re-opened. 

NORMAL SHUTDOWN PROCEDURE (Turbine speed approximately 18,000 r.p.m.) 

1. Switch off all air heaters (i.e. 36 kW and 9 kW) - switches should 

be in the up position. 

2. Close air supply control valve, but do not shut completely. 

3. Let rig "idle" for a few minutes to cool. 

4. When the air heater controller displays a temperature less than 

100°C, close air supply control valve completely. 

5. Activate safety system by pressing red stop button, cancel siren. 

6. Switch air heater power supply off at large junction box on rear 

wall of cell. 

7. Leave rig for approximately one hour to cool. 
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8. Switch off cooling water supply pump at small junction box on rear 

wal1 of eel 1. 

9. Switch off economy water supply on panel at lab. entrance. 

10. Switch off control panel. 
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5. TESTING 

To repeat earlier comments; 

1. Have prepared the order of testing according to remarks made under 

general comments, low speed tests before high speed tests. 

2. Between tests return to the "idle" condition. 

3. Never test at high vibration levels (greater than Ig). 

4. To ensure a successful test, a dry run at 18,000 r.p.m. below the 

critical speed is recommended. 

5. Constantly monitor - bearing temperature < 50°C 

- dyno outlet temperature < 42°C 

- vibration level < 1 g 

- speed 

6. It takes a very short time at 50,000 r.p.m. to create a disaster, 

progress slowly! 

- 341 -



APPENDIX IE 

D e r i v a t i o n o f t h e u n c e r t a i n t y I n e f f i c i e n c y 

d u e t o t h e u n c e r t a i n t y I n s p e e d , t e m p e r o t u r e , 

f l o w , t o r q u e a n d p r e s s u r e r a t i o . 

T h e u n c e r t a i n t y e q u a t i o n ( 3 . 5 ) 

1 / 2 

S X = a x 

8 (t>! 

64); 

4>! 

T o t a l t o s t a t i c t u r b i n e e f f i c i e n c y , 

N . T . 

m TOTAL C p . T o i ( 1 - f P p A * ) 

P 2 

R e a r r a n g I n g 

t tt 
N . T . 

TOTAL" C p * T o I 

- N . T . ( ' - ( m -57.. 
^TOTAL-Cp.Toi 

m TOTAL • C p . T q 1 

i - U " id 
-2V 

( i - f e - ) " ) 

11 
8 N 

IJL. 
N 8T 

= _ L 
T 

= 

8 (mrOTAL^ 

( 8 C p - 0 ) 

7 

m TOTAL 

M 
a(T„,) 
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" T o , 



B r i n g i n g a L L t h e t e r m s t o g e t h e r , 

- v ( 4 r ) • ( • T ) ' ( - % r ) ' ( % - ) 

-2? 

+ I . - T . r Pm \ ^ ^ '^"2 (If) 
s r - y p . ) 

(I 

t h e u n c e r t a i n t y I n e f f i c i e n c y . 

- 343 -



C a L c u L a t l o n o f t h e u n c e r t a l n t / I n t h e e n e r g y 

m e a n t o t a l t o s t a t i c t u r b i n e p r e s s u r e r o t l o . P R 

D e f i n i n g PR f r o m s e c t i o n 3 . 2 . 2 e q u a t l o n ( 3 . 2 2 ) 

R e - a r r a n g l n g 

P R = r EiA ^ ^ "~| 

L m A + m s ^ P a ^ r f i A + m B ^ P a ^ _J 

-y . ' ~ v — i 2 y -
^ P R _ V r ^ P q a \ V , !!LB f POB.A T 

I "V l_ liiA + mg ^ Pg / rriA + niB^Pp / S ( P o A / j l ~ V L m A + m B 

- V 

I - 2 T 
m A 

X r 
m A + n^B ( V ) ( I f } 

2 t - I I - 2 V 

m A f _Po, 

n i A + m e ^ P z 

( P R ) ^ . rhA f PQA ^ % 

m A + nriR \ P ? / 

B / t h e s a m e a g r u e m e n t : 

2 7 - I . ^ n \ I z E y 
a P R ^ ( P R ) ^ . "'B fpQB^ T 

g r p , m » + m B I P 2 / 

/ p j 

I n t r o d u c i n g t h e u n c e r t a i n t y e q u a t i o n ( 3 . 5 ) 
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a n d o p p L y t n g t h i s g e n e r a l e q u a t i o n t o t h i s 

p a r t i c u l a r c a s e , P R 

2 2 

S p R ^ = f d PR . P R . 

8 

h e n c e ^ 

& P R = p R ^ ' f P n . ^ ^ & r P n ; ' ^ 

mA+mg V P z 

- 2 Y 

^ r P p B ^ V ^ 

m A + m g I P g 

t h e u n c e r t a i n t y I n P R , t h e e n e r g y m e a n 

p r e s s u r e r a t I o . 
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APPENDIX IV 

EXTENSION TO CHAPTER 5. ADDITIONAL UNSTEADY FLOW RESULTS, w = 80Hz. 

The results presented in Chapter 5 under full admission testing were for 

unsteady flow frequencies of 40 and 60Hz. Presented alongside were the 

results of the error analysis of Chapter 3. Appendix IV presents the 

full admission, unsteady flow results of tests conducted at an unsteady 

flow frequency of 80Hz. At this frequency, the error analysis of the 

hot wire anemometer as an instantaneous mass flow meter was not 

conducted, thus an error band cannot be applied. The results follow on 

from the assumptions and procedures stated in the introduction to 

Chapter 5. 

. Figures 1 to 3 : Instantaneous non-dimensional mass flow in 

entry A versus instantaneous total to static pressure ratio 

in entry A, as a function of non-dimensional speed, at an 

unsteady flow frequency of 80Hz. 

m^.-tt . j w .v. P^_ .v. N.D w = BOHz 
— C l •• 0 U —fy — • • • 0 G — • ' 

Poa " ^ 

. Figures 4 to 6 : Instantaneous blade speed ratio (U/C) versus 

instantaneous total to static efficiency, as a function of non-

dimensional speed, at an unsteady flow frequency of BOHz. 

U .v. n 4.„ .v. N.D w = BOHz 

V ' " 7 

Each figure is for one non-dimensional speed. The locus of the 

instantaneous operating point is shown as a solid line along with the 

steady flow results. 
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FIGURE 1, Appendix IV Instantaneous non-dimensional mass flow in 

entry 'A' versus instantaneous total to static 

pressure ratio in entry 'A'. At a unsteady flow frequency 

of 80 Hz and a non-dimensional speed of 0.603. 
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FIGURE 2, Appendix IV Instantaneous non-dimensional mass flow in 

entry 'A' versus instantaneous total to static 

pressure ratio in entry 'A'. At a unsteady flow frequency 

of 80 Hz and a non-dimensional speed of 0.788. 
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FIGURE 3, Appendix IV Instantaneous non-dimensional mass flow in 

entry 'A' versus instantaneous total to static 

pressure ratio in entry 'A', At a unsteady flow frequency 

of 80 Hz and a non-dimensional speed of 0.974. 
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APPENDIX %: 

C O M P A R I S O N OF T H E C A L C U L A T I O N METHODS OF T U R B I N E 

E F F I C I E N C Y U S I N G T H E T.E. A N D RT.E. T U R B I N E M O D E L S 

U S I N G F U L L A D M I S S I O N D A T A O N L Y 

C o m m o n e q u a t i o n s t o t h e t w o m o d e l s 

. , C o n t i n u i t y b e t w e e n 
iTiA+mB-mTOTAL e n t r i e s A a n d B a n d 

r o t o r I n l e t . 

A h i s ^ . niA + A h i s g mg " A h i s . m t o t a l 

o r a l t e r n a t v e l y , 

• - r ^ • 
— U . IB t o t a l 

7,-. = f ( % ) 

P.TE. M O D E L : 

S H A F T POWER 

I E . M O D E L : 

S H A F T POWER 

C o n s e r v a t i o n o f e n e r g y 
b e t w e e n t h e t u r b i n e 
e n t r i e s a n d r o t o r 
I n l e t . A h IS I s t h e 
I s e n t r o p l c e n t h a l p y 
c h a n g e a c r o s s t h e 
t u r b I n e . 

E f f i c i e n c y I s o 
f u n c t i o n o f n o n -
d i m e n s i o n a l b l a d e 
s p e e d r a t i o o n l y . I n 
o r d e r t h a t a c o m p a r i s o n 
c a n b e m o d e w i t h t h e 
m o d e l s , n o p o r t l a I 
a d m i s s i o n e f f e c t s o r e 
c o n s i d e r e d 

i / _ 2 . I / 2 
/ 2 ' C A . m A . + /2 . Ce-m's. 

/ ~ 2 . 
2 * ' ^ * mTOTAL, y I w h e r e y I s b a s e d 

o n C 

E X A M P L E S 

T o k e n f r o m t h e r e s u l t s 
N . D 

o f c h a p t e r 4-, 

= 0 . 9 7 / 1 , To, = 4 0 0 ' K , C p = l " H < J / k g / ' K , 

"0" = I . 3 4 , p2= I b a r 

E N T R Y A E N T R Y B 

'J/c. = 0 . 5 0 . 7 

c . = 3 3 0 CB - 2 3 6 2 9 9 

m* = 0 . 1 4 7 ms = 0 . 0 8 4 8 0 . 5 5 2 

= 6 1 . 7 % 7B = 7 0 . 0% 7 = 6 4 . 4 % 

Pof,/ = 
"P, 

1 . 6 8 2 RB , = 
^P: 

1 . 2 9 4 m = 0 . 2 3 1 8 
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m ̂  T/ T*A :3.15 / T B 2 . 6 2 

. PoA 2 Rb 2 

P . I E . M O D E L : S H A F T F^OIVER := . <?:38 + 1 . j5!5;3= 6 . 5 9 1 k W 

I E . M O D E L . S H A F T FLOWER = = 6, . (SlflSliW 

2 . E N T R Y A E:i\rrF?Y E3 

0 . 7 0 . 9 

C* = 2 3 6 [:B == 182; ^ c = 2 17 

rriA = 0 . 0 8 4 8 trie = 0 . 5 2 4 % = (3 . 7(5 

71 = 7():K ?8 = E)"?. 7:% ? = <515 .esse 

P-V = 1 .294-
Pa 1 . 1 6 5 m = (] . 1 csif:) 

2 . 6 2 me 1 . 8 

p.A 2 Rg 2 

P . I E . M O D E L I S H A F T F)[]tVIEIR = 1 . <5!5;3 + (] . 5 2 4 = :2 . 1 I f T l t W 

T E . M O D E L ; F^OIdER = = ; 2 . 2 i :2 i<w 

ENTRY A 

LL = 0 . 5 

Ca — 3 3 0 

= 6 1 . 7 % 

m* = 0 . 1 4 7 

ENTRY B 

U/ = 0 . 9 

= 1 8 3 
% = 5 9 . 7 % 

= 0 . 5 2 4 

' C.= 

7 

mi — 

P.IE. M O D E L : 
T E . M O D E L : 

SHAFT POWER= 4 . 9 3 8 + 0 . 5 2 4 
SHAFT POWER= 

2 9 8 . 5 
0 . 5 5 
6 4 . 3% 

0 . I 9 9 4 

5 . 4 6 2 k W 
5 . 7 l 2 k W 

4 . ENTRY A 

0 . 3 
5 5 0 
0 . 5 0 5 

c. 
m* 

B a / p ^ = 5 . 2 5 

mJT _ 3 . 8 5 

~ P ~ - 2 

= 39% 

ENTRY B 
= 0 . 9 
= 1 8 3 
= 0 . 0 5 2 4 

P., y p , = I . 1 6 5 

= 5 9 . 7 % 

C 

m 
? : 

5 2 7 
0 . 3 1 3 

0 . 5 5 7 4 

4 0 .3% 

RTE. MODEL = 
IE. MODEL : 

SHAFT POWER = 2 9 . 7 9 + 0 . 5 2 4 = 3 0 . 3 l 4 k W 
F)(]\VEF? = CSl . | c)kW 

{ P a r t I a I a d mi I s s I o m d a t ai s hi O' w s t Ih e s e c c- n d I t I o n s 
o r e n o t p o s s i b l e ) 
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5 , E N T R Y A 

?A = 0 

m = 0 . 0 

E N T R Y B 

V/ = 0 . 7 
Us 

?= = 7 0 % 

CA = 1 3 7 Cb = 2 3 6 2 3 6 

S r 1 . 0 8 8 1 . 2 9 4 ^/c = 0 . 7 

m r r 
p 0 . 0 m f T 

P 

2 . 6 2 
2 

? = 
m = 

7 0 % 

0 . 0 8 4 8 

m = 0 . 0 8 4 8 

P.TE. M O D E L : 

TE . MODEL ; 

S H A F T POWER = 0 + 1 . 6 5 3 = K 6 5 3 k W 
S H A F T POWER = 1 . 6 5 3 k W 

I n a l l t h e c a s e s t u d i e s w i t h t h e e x c e p t i o n oT n o . 5 , 

t h e TE. m o d e l p r e d i c t s a h i g h e r t u r b i n e p o w e r t h a n 

t h e P.T.E. m o d e l d e s p i t e t h e I s e n t r o p l c e x p a n s i o n 

p o w e r a n d t h e m a s s F l o w b e i n g t h e s a m e I n t h e t w o 

m o d e l s . T h e o v e r a l l t u r b i n e e F f l c l e n c y I s h i g h e r 

I n t h e TE. m o d e l t h a n I n t h e P.T.E. 

R e c a l c u l a t i n g a n e q u i v a l e n t s i n g l e t u r b i n e 

© r r i c l e n c / w h i c h w o u l d p r o d u c e t h e same P.TE. m o d e l 

p o w e r 5 

C a s e I : 7 ^ - 6 1 , 7 % 7s = 7 0 % , Uy _ = 0 . 5 5 2 , 

W = 6 . 5 9 l kW = 6 4 . 4 - % 
? PTE = 6 3 . 6 % 

C a s e 2 : ? A = 7 0 % = 5 9 . 7 % U / 6 = 0 . 7 6 

W = 2 . 1 7 7 k W ?TE : = 6 8 . 3% 
V = 6 7 . . 4% 

C a s e 3 : 7 , = 6 1 . 7 % I = 5 9 . 7 % ' / c 
= 0 . 5 5 

W = 5 . 4 6 2 k W = 6 4 . 3 % ^ PTE = 6 1 . 5% 

C a s e 4 : = 3 9 % I = 5 9 . 7 % = 0 . 3 13 

W = 3 0 . 3 1 4 k W ?T. = 4 0 . 3 % y PTE = 3 9 . 2 % 

C a s e 5 : Y 
PTE 

? O S mA = 0 
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By o d o p t l n g t h e P.T,E. mode L ' s s e p a r a t i o n of t h e t u r b i n e 

I n t o two s m a l l e r m i n i - t u r b i n e s , o p a r t i a l a d m i s s i o n 

e f f i c i e n c y c o r r e c t i o n f a c t o r I s a u t o m a t i c a l l y 

I n t r o d u c e d due to the non-1 l n e o r I t y of t he r e l a t i o n s h i p 

b e t w e e n e T f l o l e n c y and b l a d e s p e e d r a t i o . F i g u r e 1 

i l l u s t r a t e s t h e d e v i a t i o n t n e f f i c i e n c y b e t w e e n t h e 

RT.E. a n d T.E. m o d e l s a t t h e s a m e m e a n v a l u e . 

F i g u r e I a l s o s h o w s t h e a p p r o x i m a t e v a l u e s o f t h e 

p a r t i a l a d m i s s i o n e f f i c i e n c y c o r r e c t i o n f a c t o r t h r o u g h 

u s i n g t h e R T.E, m o d e I 

D A T A FOR F I G U R E I 

R o r t I o 1 a d m i s s i o n e f f i c i e n c y c o r r e c t i o n 

f a c t o r v e r s u s m a s s f l o w r a t i o 

S y m m e t r y a s s u m e d . TIB _ _ _ 
ni B m A 

= 1 
m* 

. 0 0 , ( 1 . 0 0 ) EFFICIENCY CORRECTION FACTOR = 1 . 0 0 0 

= 1 . 6 2 , ( 0 . 6 1 7 ) = 0 . 9 8 4 

= 1 . 7 3 ( 0 . 5 7 8 ) = 0 . 9 8 7 

= 2 . 8 3 ( 0 . 3 5 3 ) = 0 . 9 5 6 

= 9 . 6 4 ( 0 . 1 0 4 ) = 0 . 9 7 

= , C O O = 1 . 0 0 

* H o w e v e r , t h i s c o r r e c t I o n f a c t o r I s n o t 

t h e s a m e a s t h a t o b t a i n e d f r o m t w l n - e n t r / 

t e s t s a s d e s c r i b e d I n c h a p t e r 7 
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APPENDIX VI 

SPECIFICATION OF ENGINE MODELLED IN CHAPTER 7 

Leyland 500 series direct injection diesel engine. 

6 cylinders, firing order 1,5,3,6,2,4. 

Bore 0.118m, Stroke 0.125m, Displacement 8.2 litres, 

Compression ratio 12.8:1 

Valve timing: 

Inlet. -10° to +230° crank angle after T.D.C. 

Exhaust. -226° to +14° crank angle after T.D.C. 

Injection timing. 15.9° crank angle before T.D.C. 

Turbocharger. Garrett Airesearch Ltd. 

Compressor T04-B, U-3, A/R = 0.6 

Turbine T04-B, F trim, A/R = 1.15 

Water to air, charge air intercooler fitted. 

Typical effectiveness 0.975 to 0.95. 
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INPUT DATA FOR THE COMPUTER MODEL USED IN MODELLING 

THE ENGINE OF CHAPTER 7. 

• • 1 - BASIC CNCINt SYSTEtlSi-

* 1 - tiATUP.ALLY ASPIRATCD DP. SIMULATCD TUP.BDlltftPCIHG 
* VIA EXHAUST N)ZZL[ : 
* NATASP ? SIMTC ? 
» (U u 

* 2 - SINGLE STAGE OR TWO STAGE TURBDCIIARGINSI 

V (y ' r V 

* 3 - TMRPDCtlMPtlUliniNG FDR SINGLE STAGE EUGISEi 
* IIP conpnuiip TURBINE LP COMPDUtlD TURBINE 

IM KIT!) ¥/C kN SER|ESp^Wip ! / C 

F F 

• • 2 - ENGINE SYSTEM DPTIDHSi-

• 1 - H.P, INIET FLOW FESTRICTIDH AND CHARGE AIR COOLING: 
: ' ' f t P ' ' "!!)'='' K P ' 

F T F F 

* 2 - fl^SjDY^^MIg^^FDR "CSER- TYPE RESONANT INTAKE SYSTEM OR GAS DYNAMICS 

• PJ^JC 7 P I^^^L T PIPPJL T PIPCJLL 

: f t S E D n " " t „ f 5 S " K H r i E«,I, , ,,,,, sp. 
fLI (LI Ju ^(Ll fL. |L1 

* * 3 - CYLINDERS ANC CONTROL VOLUMESi-

* 1 - NUMBEP. OF CONTROL VOLUMES: 

; " ( % ' YMf' 
6 1 2 

S""'r|«|rH , STROKE , 
1.2flOE+C'l 2 .164E-01 1 .256E-01 1 . I 6 0 E - 0 1 5 .506E + 00 

* 3 - INLET AND EXHAUST MANIFOLD VOLUMES: 
* V I M U ) 7 / I - 1 , N I H yCM(I) 7 ,1-1,NEM 
* (M3I IK3) 

7 ,150C-03 2,?17E-D3 1 . 3 3 f E - 0 3 

* * 4 - EVENT TIMING DATAi-

: r i i E L w c Y L 
* 1 5 3 1 2 4 
* 2 - VALVE TIMING DATA: 
* ryo 7 tvc 7 ivn 7 ivc 7 
* (DEG.CA) A) (DEC.CM (DEG.CA) O-TDC) 

134,0 374.0 356.0 590.0 
* 3 - DIGITISATION OF THE INLET AND EXHAUST VALVE EFFECTIVE AREAS: 

: " ¥ ' ' • I t fa.oo 
* 4 - INLET VALVE EFFECTIVE AREA : 
* V A R f A d ) 7 I - l , KVDATI » (M%) 

m 

>no r.lSCE-Dt l.OClE-0? 4.C74C-05 C.279E-05 1.191E-04 1.616E-04 
"-04 2,(,93r-04 S . r i H - 0 4 4.216E-04 4.')ieE-04 5.621E-04 6.134E-04 

[:[,% 
[-04 7.3072-0<. 7.3i-r-04 7,397^-04 7.491C-04 7.402E-04 7.440E-04 

U i ?;SS?t:S{ Z;s?;hS! l-.m-'d l ish 
4.'91ftL-04 4iCi6C-C'4 3;ni?E-64 2;i93L-04 2 . U 5 E - 0 4 l,616t-04 1.191E-04 
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8 . 2 7 9 C - 0 5 4.274C-0C 1 . 8 C 1 C - 0 5 2 . 9 3 0 C - 0 & , O O O E * 0 0 

, 0 b 0 L + 0 0 2 . 7 3 0 C - 0 6 1 . 7 g n [ - 0 5 4,02611-05 7 . 9 1 0 E - 0 5 1 . 1 5 3 E - 0 4 1 . 6 4 7 E - 0 4 

' # 1 g:i;2|:8t g:§?g::8) 

,000 

liii > 0 4 6 . 3 0 P f - 0 4 6 . 2 O O L - 0 4 0 . 2 9 1 C - 0 4 6 . 2 6 9 E - 0 4 6 . 2 2 0 E - 0 4 6 . 1 8 6 E - 0 4 
k3i!> :8^ g:;UI:8Z 

7 i 9 1 0 C - 0 5 4.02faE-&f 1 . 7 5 f C - 0 5 2.730!l-0b .OOOE + 00 

i - CASin j "? • If i jDEL ? 

' 7.^8^5-04 
* * 5 - HCkT TPAHSrEF A N D COHEUSTIOKJ-

1 - CDHDUSTIDN CIIAHBCP, SURFACE AREAS' 

' 
1.0P2££.C-02 1.2954CE-02 l . t 3 9 0 6 E - 0 4 

2 - CYLINDCP. T H E R M A L R E S I S T A N C E C O E F F I C I E N T S ! 
R 2 7 R4 ? P.5 7 R7 ? R8 ? RIO 7 

l ! 8 5 o f c - O l ' 3 . ! o 6 c + L 5,IOOE+00 5.000E+0D 2.200E+01 2.&00E+&1 

AR^<^^IJ(I) 7 , I -1 ,NEM 

,000C+00 2.224E-01 1.2C1E-01 

5 - E N G I N E BLOCK R U N N I N G T E M P E R A T U R E S * 
R Y ' R 9 ' I k ? ' T E ? ' 11^9' 
3 . 5 2 D E + 0 2 3 . 6 1 D E + D 2 4 . 5 3 0 E + 0 2 S . l O O E f O Z 5 . 1 0 0 E + 0 2 

,0002,, 
3.I54OOC-C3 2.10ceoc«-03 1.02180E+00 2.JOOOOE+00 2,703006-03 
' '"'[.cr+co 5.0000C:C+0i 1 . 4 n 0 0 0 r + 01 fi.;3990E-01 7 . 9 1 0 0 0 t - 0 | ;:t99k8E:[.g k^b888E:8t 

* * 6 - INLET FLni) SYSTEM 

* 1 - MP C O M P R E S S O R G E O M E T R Y AND P E R F O R M A N C E SCALE F A C T O R S ' 
* DCQHP ? CEXITA ? CSFM J CSFE 7 'MAKE ?• 

-01" ' U-3 A / R - 0 . 6 T 0 4 - B ' 

C5FC7 

7 . 0 0 0 C - 0 2 5 , E 4 9 E - 0 3 l . O O O E + C O 9 . 7 0 0 C - 0 
IIP CDMPPEirnf M A P CiICITISATlOd DATA AND T O T A L - T O - T O T A L * Z - IIP 

* 

* W ' 'V> 
* 3 - IIP COMPRESSOR PERFORMANCE MAP' 5RID LINE - 1 OFF 12 
* SPEED ? P.R.? M . r . P . 7 EFF: 7 

# 1 " 7.S%-ff"'i!>5E -01 
l . B o O C + 0 3 9 . 2 2 6 r - ^ l l.^'POE-02 5 . 8 4 1 5 - 0 1 
4 . 8 l 6 r + 0 3 : . r 3 5 t + 0 D 4.rC'Cr-02 5 . 5 0 D | - 0 1 
S.540r + 03 I . 7 4 5 N O D D.rz! E-OC 5 . 5 0 0 E - 0 1 

(..905E + 03 C.40D[t-00 6 .77rE-02 5 .500E-01 
7.247L+03 Z.bODL+OD U.^SCE-OC 5 .500E-01 

* 4 - IIP COI.PREiSD^ PCPrORMANCr MAP 1 GRID LINE • 2 OFF 12 
* SPELP ? P,K.7 M,R.P.7 EFFC 7 
•(RPM/SQRT(K)) (7) (KG/S)S5RT(K /(KN/H2) I / I 
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I 
7.247C+03 

! i.bO&L+no 
i:f.SSi:!l8 
h^sSEISS 
r,.oioc«-oc 

2.'5f[-02 

;:sPg[i:§s 

6.07fE-or 
* 

*(RP"/r9: 

^:gg2 

^i;^^g,y.ElSU;jEP.FORMANC^^pAp,^ 

| : # € 
tBs hlbSEzS; 

5.693E-01 

5.950E-01 
b ,OOOE-Ol 

!:888l:Si 

5,92EE-01 
sp.jn 

FF |;INE 

:I8I hi'!!^k8S k^ggEzgg h ^ & g k s i 
+02 - ' • "" 

7,247[+03 
• 

1 : 5 7 ^ 

Ei^ggEIgg ^:!!^8E:85 
e.9j5E+00 6.750E-02 

!SD^ PEtFMM.nCf «»P. S 

^E-QJ 

1.440[+00 
(:kgP q 
2,310E+00 

Ig§ 
3.C20E+00 

kg&8E:§^ 
3.6EfE-OC 

S;lS8E:Si 
6,6n0E-02 

i;50bE-6_ 

f>,325E-01 

.285E-01 

.4002-01 

.500E-01 

iliiii 
.BOOE-01 
.025E-01 
.OaOE-01 

* 7- IIP CmiPPESSOF. PERFORMANCE MAPI 3P.ID LINE 
• <RPM/JQr.T(K)) ())' {KC/S)^5P1{K!/(KN/H2) ^ 

i.?,r7r+63 e.iooc-01 o.f>ocE-o3 5.9451-0 L.io&C^oc 

i i i i J i f i i 
5.54011*03 2.045r + Ci0 

6.905[+03 
7.2472+03 sliaogZoo 

.iPOE-02 

i L i f E l 
5.COOE-02 

l i i t E i 
6.500E-OC 

, 01 5.413c-01 

i.C75£-01 
7.C00E-01 
7.000E-01 
7 .OODE-01 
6.e40E-01 

IIP CDtlPP.ESSUP. PCPFDI^MAtlCr MAPI SRID LINE 

IIP CDMPFESSGP - p 

T.Bf.ot+Oi 
2.641f+05 
3.nf.8r+o5 

PCP.FDRMAMCE MAPI 

0,621^-01 ' O.IdcE -. 
l.llSP+OP 1.1?0E-02 
1.215C + 00 l.nC'OL-or 

SRIP LINE 

4.G16C+03 

7.247E+03 

fP+OP 
>00 
•no 
>00 

:r,[; 

3.:coE+oc 6.300E-02 

b. 333E-01 
6.775E-01 

;:g5g^:81 
;:19§|:81 
7.075E-01 

n o - IIP CpnPP.ESEDF. PCPFORMAtlCr MAPI 3Pir LINE 
* 5PCEI' ? P.R.? H.F.P.? CFFC 7 
•(RPJI/SOf.T(K)) (/) (KG/S55(iPT( K)/( KN/.12) (/) 

1.2f7E + 03 n. P02E-03. 7. r;OOE-03 b.034E-01 

3 OFF 12 

4 OFF 12 

OFF 12 

6 OFF 12 

7 OFF 12 

6 OFF 12 
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l , e t 0 L > 0 3 1.12ZE+00 
2.641E+D3 l .rCFE+OO 

i:5k;E:88 
6I072E+03 

5:A&6|::88 
7.i47[»03 a.cSOE+OO 

i.c2oc-on 
1.75CE-02 

::b8§[:8; 
6.L00C-02 

&.227E-01 
6 . 0 2 5 E - 0 1 

k^§8|:8t 
;:^98g:§i 

7 . 1 4 0 E - 0 1 

1.060 

lii 

rOHPP.E 

I" 
ill 

ESOP. PEPFDRMAIICE MAP: SKIP L 

n.rooC-03 ' 

INE ? 

1.127C+DC. 
h^gokoD 

l i b A s g 
:.:45E+D0 III 

. 0 5 5 E - 0 1 
. . 1 2 5 5 - 0 1 
I . BOOE-Oi 

,4LOE-Ol 
. 5 4 0 E - 0 1 
.54CE-01 
• .325E-01 .2D0E-01 
I l 7 5 E - o i 

9 OFF 12 

• 1 2 - Hp CDHPP.EESDP. pnr.FDRHAHCE MAP * _ __ 
(RPH7^Sf.^(^)) ???•' (KG/S)^f|f,t?Rl/(KM/l12) ^ 

SP.IP LINE - 10 OFF 12 

li 
• 1 3 - IIP 

MRPH>f§ 

l i l i ' 

III! 

;:&88E:8I 

2:pi;^E:8g 

PEPFORMANCE MAP: 

i;MSt:SE 
. :§8 . _ __ 

E:8I 3:?)8E:88 ?:t6SE:8S 
CDHPRESSOP 

I'll" Ei 
i " 
^:8l l:g^§g:8B 

^:8:§g:8l 

f:!§8^:81 
5P.in LINE 

/ ( K N / i 2 1 ^ 

8E:8g 
hll'ol-41 
i . 2 7 5 E - 0 1 

• 11 OFF 12 

, 225E-01 

n 4 . IIP COIIPRESEOP. PERFORMAMCn MAP 1 SPE 

3.9P0E+D3 

kg!;; 

i" 
1*03 

P.R.? K . F . P , ? EFFC ? 

7 . 0 0 0 E - 0 1 

;:?A8g:8t 
7 . 2 0 0 E - 0 1 

3P.ID LING • 12 OFF 12 

1.530E+00 1 . 4 5 0 E - 0 2 

^:g&§k88 l:^g8E:8g _+00 
. -- 2I730E + 0E' 4;77._ _ 
^185 I<4^k88 ::^b8E:8:! 

4 . 1 2 5 E - 0 2 
~"tE-o: 

• 1 5 - IIP CIIAP.CE AIP COOLER DIMCMSIOIlSi 
* CACA.? CACy 7 

slaHc-oa iIr'oJc-02 
• 1 6 - UP.CHARGE A^^^EDPLCR 

CACK 1 
i .306C+0C 

:ACCFI { 
LOSS COEFF.I AND EFFECTIVENESS CONSTANTS! 

2 7 
( / ) ( ; /K.G) 
l.OOOC+OO - 1 . 0 5 7 C - 0 1 

CACEFJ 7 
(S2/KS2I 

.003E+00 2,870E+02 
CA{T^ ? 
2.000E+00 

* * 6 - CONHCCTIOM OF CYLINnEF.S TO MANIFOLDS/PIPES 1 -

* 1 - CONTROL VCL. MO. AT IMLET OF CYLINDER ( I ) « 
* M I N L j l ) 7 I -1 ,NCYL 

7 7 7 7 7 7 

* M tXH( I ) I^OCYL^ CXIIALIST OF CYLINDER ( I ) l 

- 362 -



* ( / ) 
8 6 8 9 9 9 

* * 9 - EXHAUST r iOk ' SYSTEM:-

* (M) (K0,M2) ( / ) 

7 . 0 0 0 E - 0 2 1 . 6 2 5 E - 0 < t 9 . 7 0 C ' C - 0 l • T 0 4 B F A / R - 1 , 1 5 » 

* 2 - IIP TMF.r.IMC M A P * 1 

: " " f f f c , '""SvSaiii!, 
* i!6ioE+oo i.[i^ic+oi i''' i,oi>il*oo 
* 3 - H P T D P . D I N L DIGITISATinM O F P . R . - V S - M . F . P . 

.OOOC+00 28 

• 4 - H P T U P P I N C , P . P . , - V S - n . f . P , D A T A B . O O O E f O O ( R P M / S O R T ( K ) ) 
" " ( I ) ? M,r,P(n ? 1-1,28 P O I N T S * PP(J 

i : 
4 4 0 

( (KG/S )S f iB I lK^ / : (KH /M2) ) /) 
;4-oo 

E:88 hK28E:8!; 

t:S8 5 : H a : S i 
E:88 

i ; 5 f . o > o o 

l,600n+00 3.r.BC'C-02 

l i i i i i i i l 
1.800C+00 4 . 2 E r [ ; - o c 

h # 8 8 
2.0CiCiL+00 4 . C P 5 E - 0 C 

: =- Î Ig^ARrmdr'a-ASYMMCTRICAl 
|/) 

* 6 - H P T l l f . n i N L n i G I T I S A T I o n O F I N T E R A C T I O N D A T A : 
* ? N r j ^ i M 1 

8 6 

* V A L I n ? ? P ^ F L 0 4 A R E A R A T I O D A T A : 

! o i o E + O D 3.DD0E-O1 6 . 0 0 0 E - O I 8 . 5 0 0 E - 0 1 l . O O O E + 0 0 1 , 0 9 0 E + 0 0 1 . 1 8 0 E * 0 0 1 . 2 0 0 E + 0 0 

* 8 - E ' l T R Y P R E S S U R E R A T I O D A T A : 

* l . ' o i o E + O D l . l O O E + 0 0 l . a r o c + o o 1 . 5 0 0 E « - 0 3 1 . 7 9 0 E + 0 0 2 . 1 9 0 E * 0 0 

* 9 - H P T U R D I N C K I T E R A C T I n i l , T U R B I N E P R E S S U R E R A T I O D A T A A T • T H E G R I D I N T E R S E C T I O 
* P R ( | ) 7 I « 1 » H A L I I I * M P L I N 

}:828E:[:8 i:g9PF;Bg 1:^881:88 h m E : 8 8 1 : ; 9 8 : : 8 8 t:gg8^:88 
1 . 1 3 0 [ * n O 1.14PE+00 l . l ? 0 r + 0 0 l .ZCOC^O) l.eSOE+OO 1.295E+00 1 . 3 5 0 6 * 0 0 1.365E+00 
1.260C'*-00 1.2O0E + 0D 1.340F + 00 1 , 4 : 0 [ + 0 ] 1.500E + 00 I . 5 8 0 E + 00 i , 6 7 0 E + 00 1 . 7006 + 00 
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• 1 5 - HP 
m i 

Nl, u/c -vs-

i 
6. 

1. 

ooor+00 
o o n C - o i 
OOOL-Ol 
Of oC-ci 

OOOL-Ol 
,OODt-Dl 
, o o o r - p j 
. o o o r - M 
ooor+Do 
100C4-00 
200E+00 

EfFjfli, 
.cpoc+oo 

l.r40L-01 

3lno["oi 

. r o o L + o o 

.CDOC+00 

DATA a 

• • 10- SIHLILATICJtl PARAHETERSI-

1 - PXLAXATIOr. FACTDPDJ 

o.OCOC-Ol 5i000c-01 7 .000E-01 

2 - PP.EMCTCR-CUP.RECTDR END OF STEP TOLCRA^lCEi 

4.000L+00 3.000E+00 5.000E-05 5.06oE-Ob 

** 1 

3 - HUMP [p. 

10 

OF 

0 0 

F O R CIMULATIOMi 
7 N^Y^OP 7 

0 

4- OUTPUT PRINTOUT CONTROL! 
T A p i ? f A p O ? TAPC9 

I^ANS 

TAPLIO 

- INITIAL ENGINE OPERATING CONDITIONSi-

1-

"9 .965 t+01 2!92DE+0: 
(KN/M2) (K.N/H2) 
9.O2FE+01 9.965E+01 

(K) 
2.920E+02 

2 - [NGIN[ SPEED AMD FUELLING; 

COMP 
• TURPOCtlARCEP 

6,aOO[+D4 

• PRESSURE IN COMTFOL VOLUMES: 
PpTI) 7 I'1,NCVMAX 

i : m k § E 
6.103E+02 1.479E+02 3.576E+02 1 . 5 b l E f 0 2 

3.283E+02 l.OOOE+03 Z.889E+02 

4.684E-02 6.735E-01 6.000E-04 

- 3 65 -


