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ABSTRACT 
 

Differences between turbocharger performance on an engine and on a gas stand have been 

observed throughout decades of turbocharging studies. These differences have been attributed, 

in part, to various phenomena, the most important of which include heat transfer and pulsating 

exhaust gas flows that occur on-engine, and that are not commonly captured in experimental 

turbocharger test gas stands. In early stage design, turbocharger performance maps are regularly 

used to provide a boundary condition to the engine in gas flow simulations. These maps are 

typically produced from steady-state gas stand tests, which only cover a limited range of data. 

Engine performance predictions are therefore determined by air flow and thermodynamic 

parameters from steady-state compressor maps, which in turn influence the parameters for 

exhaust gases entering the turbine. If heat transfer effects are not properly accounted for, errors 

of varying severity will occur in the characterisation of the compressor and the performance 

prediction of the engine as a consequence. The steady flow conditions of the gas stand tests 

also determine the turbine map without accounting for the effects of the unsteady pulsating 

flow that exists under realistic engine conditions, this leads to further errors in the 

characterisation of the turbine, and subsequently the engine performance prediction. Today, 

these predictions are being supplemented with CFD analysis, although these simulations are 

expensive in terms of the hardware and time requirements; efforts to model turbines in this 

manner are currently outstripping the data available to validate their accuracy.  This chapter 

describes the phenomena associated with heat transfer and pulsating flows in turbomachinery, 

how they can be modelled, and what their impact is on the turbocharger performance 

predictions used during early stage engine design.   
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INTRODUCTION 
 

Emissions regulations around the world have become increasingly strict over recent 

decades, as governing bodies aim to reduce the emission of harmful gases and particulate matter 

from internal combustion engines (ICEs). For the automotive industry, which is still dominated 

by ICE powertrains, turbocharging offers a route to downsize engines, which in turn offers 

lower fuel consumption and reduced emissions. The key principal of turbocharging is to recover 

some of the energy lost in the high-temperature and high-speed exhaust gases. A turbine is 

positioned in the exhaust gas flow path and used to drive a compressor, which is connect by a 

common shaft; this compressor increases the amount of air injected into the combustion 

chamber of the engine, therefore increasing available power. By recovering energy in this 

manner, a larger naturally aspirated (NA) engine can be replaced with a smaller and lighter 

turbocharged engine that has equal performance but lower fuel consumption.  

 

When designing turbocharged engines, the early-stage design process typically involves 

performance simulations that are heavily reliant on steady and quasi-steady flow principles. 

These simulations use steady-flow performance maps as a boundary condition that represents 

the turbocharger, even though flow in realistic systems is highly unsteady. The performance 

maps used are typically created from a narrow range of data obtained by gas-stand testing. 

These maps contain errors stemming from the data extrapolation techniques used, the omission 

of pulsating flow phenomena and the fact these maps represent the heat transfer phenomena 

present on a gas stand and not the real-world conditions present in a vehicles engine bay.  

 

OVERVIEW OF UNSTEADY FLOWS IN TURBOCHARGERS  
 

It is widely acknowledged in automotive turbomachinery that highly unsteady flows impact 

the performance of both turbines and compressors. In the present day, facilities that can emulate 

the effects of pulsating flows in turbomachinery are scarce. Instead, unsteady CFD 

investigation is frequently adopted in industry to augment the limited range of steady-flow test 

data that is available to designers. Both academics [1], [2] and industry [3] are investigating the 

possibility of incorporating unsteady effects in the turbine into engine simulations. Figure 1 

illustrates the fundamental differences between the unsteady flow performance of a turbine, 

and the equivalent steady flow performance. The hysteresis loop plotted here features anti-

clockwise arrows that show the direction of the pulse cycle. This loop corresponds to the open 

and closed positions of the pulse generator used to create the unsteady flow conditions. [4] 

Details of how these plots are produced will be given in this chapter under ‘Experimental 

Analysis of Unsteady Flows in Turbochargers’. Figure 2 is a result of the academic study to 

date on the effect of pulsating flows on the performance of automotive turbomachinery. The 

difference between quasi-steady and unsteady efficiency has been plotted for various exhaust 

gas pulsation frequencies and for a range of speeds. The deviations from the quasi-steady base 

line seen here are significant, with efficiency prediction errors of between -18% and 12% at 

100% of the engine speed range.  
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Figure 1 -  Illustration of the filling and emptying behavior of a turbine subject to an unsteady flow [4] 

 
Figure 2 - Percentage deviation of efficiency of turbines subject to unsteady flows [1] 

 

INTRODUCTION TO UNSTEADY FLOWS CONCEPTS FOR 

TURBOCHARGERS 

 

Non-Dimensional Parameters 

 

The key non-dimensional parameters used when analysing pulsating flow in turbochargers 

are the mass flow parameter, which is commonly plotted against pressure ratio, and the velocity 

ratio, which is commonly plotted against efficiency. The mass flow parameter is given by 

equation 1, and is derived from the relationship between the inlet flow velocity and the Mach 

number at the inlet:  
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𝑀𝐹𝑃 =  

𝑚̇√𝑇𝑡𝑜𝑡,𝑖𝑛

𝑃𝑡𝑜𝑡,𝑖𝑛
 

 

EQ1 

 

In equation 1 each parameter is an instantaneous, time varying value; this is also the case 

for every parameter in equations 1-4.  The pressure ratio is given by equation 2: 

 
𝑃𝑅 =  

𝑃𝑡𝑜𝑡,𝑖𝑛

𝑃𝑒𝑥
 

 

EQ2 

 

The velocity ratio is the ratio of the speed of the rotor tip, and the isentropic velocity at the 

inlet. It can be described by equation 3:  

 𝑈

𝐶𝑖𝑠𝑒𝑛
=  

𝜋𝐷𝑁

√((2 ∫ 𝑐𝑝𝑑𝑇
𝑖𝑛

𝑒𝑥,𝑖𝑠𝑒𝑛
) + 𝐶𝑖𝑛

2)

 
 

EQ3 

 

The total-to-static efficiency of the turbine is calculated using equation 4:  

 
𝜂𝑡−𝑠 =  

𝑊̇𝑎𝑐𝑡𝑢𝑎𝑙

𝑊̇𝑡−𝑠,𝑖𝑠𝑒𝑛

 
 

EQ4 

 

When predicting steady-state performance of a turbocharger turbine, there are two 

independent non-dimensional parameters that regulate cycle averaged performance; those two 

parameters are Mach number at the tip, and expansion ratio. When considering unsteady 

conditions in a turbocharger, assuming that a pulsating inlet flow occurs as a sinusoidal wave, 

there are four extra non-dimensional parameters that also affect mean turbine performance. 

This sinusoidal assumption does not adequately represent a true exhaust gas energy wave, it is 

used here as an initial approximation. With the aforementioned sinusoidal wave assumption, 

the incoming pressure and temperature waves can be characterized by equations 5 and 6. 

 𝑃(𝑡) =  𝐴𝑃 sin(𝜔𝑡) + 𝑃𝑡𝑜𝑡,𝑚 EQ5 

  

𝑇𝑡𝑜𝑡(𝑡) =  𝐴𝑇 sin(𝜔𝑡 + Φ) + 𝑇𝑡𝑜𝑡,𝑚 

 

EQ6 

 

Here, the Greek letter Φ is the phase difference between the pressure and temperature 

waves. The four new non-dimensional variables are the non-dimensional total amplitude of 

pressure (𝐴𝑃/𝑃0𝑚), the non-dimensional total amplitude of temperature (𝐴𝑇/𝑇0𝑚), the phase 

difference (Φ), and the Strouhal number (𝜔/Ω). Here, the Greek letter Ω signifies angular speed 

of the rotor.  

 

Strouhal Number 
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The Strouhal number is another key variable found in the analysis of pulsating flows in 

turbochargers. The Strouhal number may be used as an expression of the relative importance 

of unsteadiness in oscillating gas flows [5], and can be represented by the ratio of the time taken 

for a fluid particle to pass through the turbine components (𝜏𝐹), and the time scale of the 

unsteadiness in the pulsating gas flow (𝜏𝑝) [6]: 

 
𝑆𝑡𝐹−𝑃 =  

𝜏𝐹

𝜏𝑃
 

 

EQ7 

 

As an approximate guide, if the Strouhal number of the system is close to unity, both quasi-

steady and unsteady effects are important, and should be accounted for in any modelling 

attempt. Values much larger than one signify the domination of unsteady effects; values less 

than one suggest that quasi-steady effects prevail.  Some pulsating flow models represent the 

rotor differently to the volute section (i.e. with an unsteady volute model, and quasi-steady rotor 

model), in this case a second Strouhal number may be important [6] and can be expressed by 

equation 8. Where the time scale for the rotor to spin for one complete revolution (𝜏𝑟) is 

independent of 𝜏𝐹. When the value of 𝑆𝑡𝑟𝑟−𝑝 is small, steady effects govern performance.  

 𝑆𝑡𝑟−𝑝 =  
𝜏𝑟

𝜏𝑝
 

 

 

EQ8 

Plotting Unsteady Flow Performance 

 

Finally, when reading studies on unsteady flows in turbomachinery, the most common plots 

encountered to describe turbine and compressor performance are plots of non-dimensional 

mass flow parameter vs. pressure ratio and of blade speed ratio vs. total to static efficiency. 

These are often plotted with a steady-state curve superimposed with an unsteady locus. It is 

worth noting when observing these graphs that the unsteady loci presented here correspond to 

a single point on the steady-state curve, and show the behavior of the turbomachine during both 

filling and emptying processes; authors often do not clearly indicate which point along the 

steady-state curve that their unsteady locus corresponds to. 
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Figure 3 - Turbine performance experimental data under steady state and pulsating conditions [7] 

Figure 3 shows an example of this; the 40 Hz and 60 Hz flow lines plotted here correspond 

to a single point along the steady state curve, which is not identified. Figure 1 is another clear 

example.  

 

EXPERIMENTAL ANALYSIS OF UNSTEADY FLOWS IN 

TURBOCHARGERS  
 

The effects of unsteady flows upon the performance of automotive turbocharging have been 

a major topic of study for several decades. The earliest published experimental studies into 

pulsating flow in turbocharger turbines were published by Wallace and Blair [8], along with 

Benson and Scrimshaw [9] in the 1960’s. These were followed by Wallace et al. [10], [11], at 

the end of the decade, and Miyashita et al. [12], Benson [13], and Kosuge et al. [14] up until 

the end of the 1970’s. In the late 1980’s and early 1990’s, Capobianco et al. [15]–[17] focused 

on correlating unsteady data with equivalent steady values. However, all of these studies were 

limited by the instrumentation available at the time, and often only a single parameter was 

recorded as a time-varying value and other parameters were logged as cycle-averaged values 

only. It has been noted in a previous review of turbocharger pulsating flows by Baines [18] that 

these early studies were often contradictory because of these experimental issues. This is 

because they didn’t only show the variance in efficiency under unsteady flow conditions, they 

also included energy available from the high-pressure ratio of the pulse peaks in exhaust output 

[18]. 

 

The first major studies capable of recording all relevant data as time-varying quantities were 

conducted at Imperial College London in 1986. The research beginning with the 1986 study by 

Dale and Watson [7], [19] and continued by Baines et al. [20]–[22], was the first to examine 

turbine performance data under simulated engine exhaust pulses whilst logging data for all the 

essential time-varying parameters (except for temperature). This work used a custom-built gas 

stand with the capability of producing pulsating inlet flows. Figure 3, from Dale [7], shows that 

there are differences in both flow capacity and aerodynamic efficiency of a turbine tested under 

steady-state and two different pulsating conditions. Importantly, this study indicated clearly 

that a turbine does not behave in a quasi-steady fashion under pulsating conditions. However, 
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the aforementioned continuation by Baines et al. [20], [21] did suggest that the rotor section 

does operate in a quasi-steady manner under pulsating flow. The similarity of the rotor inlet 

velocities measured in steady-state flow, and equivalent pulsating flow data (recorded as 

instantaneous values at equivalent flow conditions, illustrated in Figure 4), indicated that time 

varying effects must occur in the stator regions, and that they may only occur in these regions.  

 

Later, in the early 1990’s, Winterbone et al. [23]–[25] developed a similar unsteady flow 

test rig that, in addition to recording time-varying flow parameters, could also record values for 

unsteady turbine efficiency and flow capacity. The key outcome of this study’s published data 

was the non-negligible variation in turbine exit pressure, indicating that the turbine exit 

boundary conditions should be a key consideration in any modelling setup.  

 

Today, there are still few locations around the world in which pulsating flow phenomena 

can be investigated through physical testing means. Figure 6 [26] shows one example of a test 

facility capable of producing unsteady flow test results for turbocharger turbines. The pulse 

generator is formed of a pair of chopper plates, the profile of which can be designed to replicate 

the pulse shape of the engine under consideration. The two rotating plates, which can be seen 

in Figure 8, were designed to separately feed the two limbs of a twin-entry turbine. The plates 

are driven by a variable speed electric motor, which is used to control the frequency of 

pulsations. Further details of this test facility can be found in Romagnoli et al [27].  
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Figure 4 - Steady flow (left) and pulsating flow (right) values of velocity (upper), flow angle (middle) and 

incidence angle (lower) at the rotor inlet of a twin-entry turbocharger turbine [18]. Based on data from Yeo and 

Baines [20], [21] 

Figure 5 - Comparison with the zero-dimensional model created by Baines et al. [22] with measured values. 

The turbine under consideration was a single-entry, nozzleless turbine.[18] 
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Figure 6 - Schematic of the unsteady flow test facilities available at Imperial College London [26]. A detailed 

photo of the pulse generator chopper plates can be seen in Figure 8. 

The Imperial College facility depicted in Figure 6 is still used today, and has produced a 

number of more modern experimental studies. In 2002, Karaminis and Martinez-Botas [28] 

published a study on the unsteady performance of mixed-flow turbines and the comparison of 

experimental data with steady results. They found that mixed flow turbines achieve peak 

efficiency at a lower velocity ratio than radial inflow turbines; they also confirmed mixed flow 

turbines are better able to extract energy from exhaust gases in high pressure operating regions.  

 

In 2005, Szymko et al. [29] used experiment to investigate the behavior of turbocharger 

turbines subject to unsteady flows. They found the range of velocity ratios present for a given 

pulse frequency reduces at the pulse frequency increases and that unsteady effects become more 

prominent at higher frequencies. The authors used modified values of Strouhal number (see the 

‘Introduction to Pulsating Flow Concepts for Turbochargers’ section of this chapter for the 

basics) to assess when unsteady effects became significant.  

 

In 2007, Hakeem et al. [4] investigated the effect on the geometry of the volute on the 

unsteady performance of mixed flow turbines. The authors found unsteady test performance 

parameters showed significant deviation from their steady-state equivalents, implying the 

steady-state assumption common used for volutes is not applicable; they concluded that volute 

geometry plays a critical role in the steady and unsteady performance of mixed flow 

turbocharger turbines. In the same year, Pesiridis and Martinez-Botas [30] used the test facility 

illustrated in Figure 6 to evaluate the performance of their Active Control Turbocharger (ACT), 

a turbocharger concept that is designed to actively adapt to the pulsating flow environment by 

adjusting the inlet area of the throat of the inlet casing to make better use of the exhaust gases’ 

pulsating nature than a typical VGT. Although there were considerable losses shown in the test 

data, the authors claimed an improvement in power of between 3% and 7% over a regular VGT.   
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In 2008, Copeland et al. [31] investigated the unsteady performance of a circumferentially-

divided, double-entry turbocharger. The authors found that the flow conditions at the turbine 

wheel were highly dependent on the phase differences between pulses, noting that cycle 

average efficiency values just average out a complex phenomenon, and that care should be 

taken when evaluating the effect pulse phasing has on overall performance. In the same year 

Costall produced his doctoral work [32] on unsteady wave propagation in turbochargers 

turbines, followed by a paper in 2009 by Costall et al. [33] in which unsteady testing was used 

to validate a twin-entry turbocharger model, more details of which can be found in the 

following sub-section of this chapter.  

 

In 2009 [27] and 2010 [26], Romagnoli et al. published a two-part study on unsteady turbine 

performance for automotive turbochargers. In 2012 [1] Pesiridis et al. used historical 

experimental tests and a commercial gas-dynamics code to conduct initial investigations into 

the integration of unsteady effects into standard turbine performance maps.  As shown in Figure 

2, the authors illustrated significant reductions in turbine efficiency when subject to pulsating 

flows, the efficiency losses were found to be less significant with increased pulsation 

frequencies. At the high frequency range, unsteady efficiency was found to be higher than 

equivalent steady values, as previously indicated by Szymko [34]. In 2014, Yang et al. [35] 

investigated how the cross sectional geometry of a vaneless turbine housing influences the 

pulsating flow performance of the turbine.  

 

Additional modern studies have come from the Universidad Politécnica de Valencia 

(Valencia, Spain), the test facility of which was developed by the CMT group. Here a singular 

chopper plate is used to generate pulses in the air flow which is powered by a 55kW screw 

compressor and heated by a series of electrical heaters. Further details can be found in the paper 

by Serrano et al [36]. Figure 8 shows the difference between the pulse generator chopper plates 

used by Imperial College London and Valencia, with the Imperial facility accommodating twin 

entry turbines, and the Valencia facility optimized for testing single entry turbines.  
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Figure 7 - Schematic of the test facility at the Universidad Politécnica de Valencia, designed by the 

CMT group [36] 

The research group based in Valencia have published papers detailing test plans for the 

comprehensive characterization of automotive turbochargers [37]. In a 2012 study [36] a team 

at Valencia used this test facility to collect a wider range of efficiency data than is typical in 

industry in order discuss the importance of using wide data ranges when predicting unsteady 

performance. This testing program also investigated the effect of the frequency and amplitude 

on the efficiency of a VGT (Variable Geometry Turbocharger [38]), and the authors developed 

a database of their results. [36] The authors found the efficiency of the turbine is least affected 

by pulsations and amplitudes close to the value of blade speed ratio measured at maximum 

efficiency, it was also concluded that larger pulse amplitudes reduce the cycle average turbine 

efficiency in the VGT.  
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Figure 9- Schematic of the unsteady flow test facilities found at the University of Genoa, Italy [39] 

 

Figure 8 - Difference between the single chopper plate system used by Valencia (left) and the dual chopper 

plate system used at Imperial College London (right). The Imperial facility allows for two separated airflow 

streams.[26], [36] 
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Further modern experimental work has been undertaken at the Università di Genova 

(Genoa, Italy) [39], [40] using the test facility illustrated in Figure 9, further details can be 

found in papers by Capobianco and Marelli [41], [42]. Three electrically driven screw 

compressors supply air, and the compressor is used as a dynamometer, allowing for 

investigations to take place over an extended data range.  

 

In 2007, Capobianco and Marelli [42] conducted unsteady flow testing on the rig illustrated 

in Figure 9 in order to investigate the effect of waste-gate control on turbine performance. In 

2010 [39] and 2011 [40], the same authors conducted an experimental study on the same facility 

that aimed to investigate the unsteady flow behavior in an turbocharger turbine whilst taking 

into account the opening of the waste-gate valve opening. They found that waste-gate opening 

increased the amplitudes of oscillations for every parameter they considered (pressure, 

temperature and mass flow), increasing the overall system unsteadiness and affecting turbine 

unsteady flow performance. Unsteady flow performance was found to deviate most 

substantially when the waste-gate valve was open. In 2011 [43] and 2014 [44], Bozza et al. 

used data from this same testing setup to verify unsteady turbine modelling efforts, these will 

be covered in more detail in the following sub-section. A 2011 study by Capobianco and 

Marelli [45] performed unsteady testing that highlighted the difficulties encountered measuring 

instantaneous values.   

 

 

MODELLING OF TURBOCHARGER UNSTEADY FLOWS  
 

The 1994 study of Baines et al. [22] adopted a zero-dimensional modelling approach when 

building on the pioneering experimental study of Dale and Watson [19]. Zero dimensional 

methods have since been surpassed, but this early modelling attempt uncovered some major 

findings and achieved good agreement with test data. The model introduced a ‘residence time’ 

to gas flow entering a volute (representing the volute); this is often described as the filling and 

emptying method for modelling unsteady flows. The rotor was treated as quasi-steady in this 

case, and modelled using orthodox one-dimensional steady-state techniques. Figure 5 shows 

the results achieved with this model compared to the experimental data; this was the first study 

to record all key parameters as time-varying quantities, and is described in the previous sub-

chapter.  

 

One-Dimensional Unsteady Flow Models 

 

The next step forward from this was in applying one-dimensional modelling techniques, 

which had previously been used to model fluid flow in pipes and manifolds, to turbomachinery 

[46]–[48]. Since this methodology can be used for the turbine, connecting pipes and the 

manifolds, it is possible to create a model of the entire system with a consistent method. This 

would also provide numerical consistency, providing that these techniques adequately 

described the performance of turbines. When using 1D modelling and faced with pulse 

frequencies typically found in an IC engine, quasi-steady behaviour of the turbine stage cannot 

be presumed [8], [9], [19], [20], [29]. However, to compensate, a duct may be placed before 
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the quasi-steady turbine boundary condition to characterize the volume, allowing filling-and- 

emptying to occur [22], [33]. 

 

 
Figure 10 - Illustration of the mass accumulation and discharge (A.K.A filling and emptying behaviour) 

that occurs in a turbocharger turbine subject to unsteady flow. Plotted across 720 degrees of crank angle, or 

one engine cycle. [49] 

 

The study by Winterbone et al. [24], [25] was built open by Chen et al. [50] who built a one-

dimensional model of a radial inflow turbines without any nozzle components (vaneless), with 

a quasi-steady rotor model. The volute in this early model was represented by a tapered pipe. 

The one-dimensional equations were solved with a first-order accurate method. This model was 

later developed by Abidat et al. [51] who instead treated the volute as a curved pipe with an 

inlet area equal to the tongue section of the volute, and an exit equal to the mean area and radius 

of the volute; the area of the pipe was assumed to vary linearly, and the solver was second order 

accurate. The authors concluded that their study showed an improved agreement with 

experimental data compared to the work of Chen et al [23], [50]. The unsteady flow model 

predicted loops which were observed experimentally, while the curve obtained with the quasi-

steady assumption coincided with the constant speed curve.  

 

 
Figure 11 - Schematic of modelling techniques used by Costall et al.[33], [52] 
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Costall et al. [33], [52] of Imperial College London, advanced this 1D methodology further, 

with studies on single and twin-entry turbine modelling. Figure 11 shows simple 

representations for the modelling of single entry (on the left) and twin-entry (on the right) 

turbines. The aim of the single-entry model was to create the most basic model conceivable that 

could resolve both filling-and-emptying and wave action effects; the pipe was proportioned to 

serve as the total volume of the volute under consideration. [18] The twin-entry model permits 

rotor losses as well as, at the junctions, stator losses. The authors concluded that the single-

entry model was successful at predicting mass flow and power at 60Hz, but it’s evident from 

these graphs that the twin-entry model wasn’t as effective. It was specified that the twin entry 

model is necessary when it comes to simulating pulses that are produced out of phase, the 

different pulses need to be applied concurrently to the domain [33]. The authors proposed that 

the reason the twin-entry model under projected mass flow was the poor choice of loss 

coefficients, since the rotor boundary governs the total flow capacity. 

 

Complex One-Dimensional Unsteady Flow Models 

 

The next step along from these simple one-dimensional models is a model that can account 

for unsteady flows within the rotor itself, and provide a more rational representation of the flow 

and geometry. Complex one-dimensional models have been developed to remove to quasi-

steady rotor and model the complete turbine, including the rotor, using unsteady flow 

principles. Following the study by Ehrlich [53], [54] on the nature of unsteady turbine inlet 

flow, more complex one-dimensional models have been developed by Hu and Lawless [49], 

[55], [56] and King [57]. In these models the solution is found along the mean streamline, with 

each nozzle passage treated as a separate element with a radial and axial component. This means 

adopting a sliding plane approach, where the stator is solved in an absolute frame and the rotor 

in a relative frame; the model can therefore predict time accurate flow fields for individual rotor 

passages. However, this type of model does have various drawbacks, for example a twin-entry 

turbine is not modelled with any mixing between the two streams. Furthermore, for model setup 

of nozzleless turbines, a constant rotor inlet angle is required as an initial assumption. [18] The 

biggest problem however, is how the model deals with losses. In the aforementioned studies by 

Hu and King, these forces were estimated by comparing turbine efficiency and steady-state 

mass flow with their isentropic counterparts and it was assumed that all loses occurred in the 

rotor. For a more realistic model test data is needed for each section of the turbine, but this is 

often not available.  

 

More recently, Chen and Winterbone [6] published a complex one dimensional model that 

allows circumferential feeding of the rotor from the volute. In this case, the volute was 

represented more rationally by using a large set of geometric input data to represent the entirety 

of the volute, the length and area of each flow passage segment. The result is a ‘curved slot 

model’ of the turbine volute, which in this case was used to predict the performance of a 

vaneless radial turbine; this can be seen in Figure 12. Similar to previous models, a key 

drawback here is the simplistic manner with which losses are handled. In addition, between the 

mean line of the volute passage and the entry to the turbine the flow is assumed to have a 

constant pressure and density, which is not a rational representation of real conditions. Plots 

provided in this study showed the model can capture unsteady flow characteristics such as 

hysteresis loops similar to those observed by Dale and Watson [19], they also showed rational 
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changes in flow angle fluctuations at different azimuth angle positions as shown in Figure 14. 

The model predicted notable fluctuations in flow angle close the tongue section of the volute 

(Figure 13 (a)) and damping of flow angle fluctuations at earlier azimuth angle locations. A 

further model was produced by Feneley et al. [58] building upon the work of Chen, including 

an unsteady rotor model and giving significant detail on the modelling process, this model also 

predicted similar flow angle fluctuation close to the tongue, and damping effects in the rest of 

the volute, although was not verified with test data.  

 
Figure 12 - Schematic of the modelling approach taken by Chen and Winterbone [6] 

 
Figure 13 - Flow angle variation predicted by the model of Chen and Winterbone with variation of 

azimuth angle 

 

Multi-Dimensional Unsteady Flow Models 

 

One step above these complex one-dimensional models are three-dimensional flow 

models. The majority of pulsating flow studies for turbochargers focus on evaluating turbine 

performance rather than analysing 3D flow phenomena. Three-dimensional (3D) modelling 

essentially involves modelling the time-varying Navier-Stokes equations for the turbine. 3D 

methods are capable of investigating aerodynamic features of pulsating turbine flow. Using the 

frozen rotor method, (with multiple reference frames) this was attempted in the earliest 

publication on the subject by Lam et al [59]. The report presented no comparison with test data, 
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but results were consistent with previous observations [18]. Another method, presented in the 

work of Palfreyman and Martinez-Botas [60], used a nozzleless turbine in which the rotor was 

explicitly rotated during the calculation using a sliding mesh. This study was the first three-

dimensional model to be validated using test data. However, multi-dimensional methods are 

highly computationally expensive; the Palfreyman and Martinez-Botas study produced over 

100Gb of data with “computing times certainly outside the time scales associated with today’s 

design environment” according to the authors [60]. 

 

In studies from KTH in Stockholm, Hellström et al. [61]–[63] reported a the use of LES 

(Large-Eddy Simulations) to model pulsating flow in a turbocharger. Hellström argued that the 

large-scale eddies, which are solved by LES, are important in turbine pulse flow. Standard LES 

practice was used whereby the energy cascade allows energy to transfer between length scales, 

when the smallest scales are handled by a model, and larger eddies are solved using Navier-

Stokes. A variety of inlet conditions were investigated: with and without turbulence, and with 

different combinations of swirling flow and vorticity. The result was a variation of around 20% 

difference between time-averaged power values across all inlet boundary conditions. Figure 14 

shows a velocity field produced by Hellström and Fuchs [61] using an LES simulation, it is 

worth noting that although these show detailed results, they are not validated against test data. 

Complex experimental methods may be required to validate LES models; such as the use of 

laser-based PIV (Particle Image Velocimetry) and a transparent turbine housing to produce an 

instantaneous velocity field, which could then be compared with a plot such as that shown in 

Figure 15. There are examples of using laser techniques have been undertaken in turbochargers 

in the past, such as when Karamanis and Martinez-Botas [64] used laser doppler velocimetry 

to visualize internal turbocharger flows, but these have not been used to verify 3D simulations 

to date.  
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Figure 14 - Example velocity distribution plot produced by the LES simulation of Hellstrom and Fuchs 

[61] The cross section is shown in the top left. The snapshot here shows an instance of high mass flow; the 

arrow length is defined by the magnitude of velocity, the orientation of each arrow defines the flow direction 

 

 

 

HEAT TRANSFER EFFECTS ON TURBOCHARGER PEFORMANCE 
 

 

Overview 

 

Turbochargers are subject to a complex and significant heat transfer environment when 

located on an internal combustion engine. Notably, heat flows from the turbine side to the 

relatively colder compressor side; this has a significant impact on the peformance of the 

compressor, particularly at low mass flow rates and rotational speeds. Figure 15 shows the 

effects of turbine exhaust gas temperature on the efficiency of the turbocharger compressor. In 

the same manner as the turbine, steady-flow gas stand measurements are typically extrapolated 

to create performance maps for compressors in industry. These compressor maps do not take 

into account the effects of heat transfer in realistic engine conditions, instead they represent a 
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degree of heat transfer specific to the gas stand conditions; gas stand flow temperatures are 

typically condisderably lower than real-world operating conditions.  

 

 
Figure 15 - Compressor relative efficiency vs. Mass Flow rate for a range of turbine exhaust gas 

temperatures 

The failure to account for an accurate heat transfer picture at this early-stage leads to errors 

in the performance prediction of turbochargers and engines in commercial software. Inspecting 

Figure 15, it can be observed that higher exhaust gas temperatures created larger deviations in 

compressor performance when compared with the adiabatic assumption commonly used by 

simulation codes. When predicting compressor power, errors can reach up to 48% if heat 

transfer is not included in calculations [65]. 

 

 

INTRODUCTION TO TURBOCHARGER HEAT TRANSFER CONCEPTS 

 

Automotive turbochargers operating under engine conditions are subject to significant heat 

transfers, but these have rarely been accounted for in the industry when modelling performance. 

Various studies have suggested that efficiency findings vary significantly when these effects 

are taken into account. The publications that have dealt with heat transfer in the past invariably 

involve the analysis of adiabatic and diabatic processes. The turbocharger is typically assumed 

to be adiabatic if the temperature measured at the turbine inlet is less than 100 degrees Celsius 

[66]. Models of energy transfer have been developed and will be discussed; since conduction 

and radiation processes can be calculated with existing material properties, the main challenge 

lies with modelling forced and free convection. Figure 16 summarises the key modes of external 

and internal heat transfer relevant to turbochargers.  
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The ideal reference for a turbocharger is a diabatic, non-ideal process [67]; this represents 

the process in on-engine conditions or on a hot flow gas stand, which can then be compared 

with an adiabatic, non-ideal process.  This ideal scenario, although rarely used in industry due 

to its practical difficulty and limitations, can be simulated on a gas stand by minimizing heat 

transfers. Insulation reduces external heat transfer, and controlling the temperatures of the air, 

oil and exhaust gas helps to minimize internal energy flows. Industrial models often rely on 

diabatic gas stand efficiency [67], in which total enthalpy change is calculated as the algebraic 

sum of work and heat transfers. Since adiabatic testing is technically challenging and limited 

to a certain operating range, common practice uses diabatic methods with no correction for on-

engine values; despite heat transfer differing from the gas stand conditions.  

 

 
Figure 16 – Heat transfer processes in a turbocharger [68] 

  

Adiabatic testing is practically useful for finding an accurate measure of work transfer, the 

total enthalpy change is equal to the shaft work transfer and can be found my measuring total 

temperatures at the inlet and exit. The main objectives of adiabatic testing could also be 

achieved my measuring shaft power directly; using a device such as a dynamometer.  

 

When conducting the most common [67] test used in industry (diabatic), the process is 

considered to be adiabatic, plus heat transfer. This method often assumes that heat transfer 

occurs after the work transfer. This assumption seems reasonable when considering the 

compressor side of a turbocharger, but less-so in the turbine section. Considering the 

compressor, this assumes that work transfer occurs mostly in the impeller, beginning at the 

inlet; heat transfer then occurs in the volute and diffuser sections. Given the greater surface area 
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for heat transfer to occur in the volute this seems a reasonable assumption in the compressor. 

In the turbine this assumption means most heat transfer occurs before the turbine rotor. 

However, total inlet enthalpy occurs at the inlet of the rotor, and is affected by heat transfer. 

Specific work transfer and total inlet enthalpy of the turbine are related, such that their quotient 

is equal to a constant [67]. 

 
The conventional diabatic test can be improved upon if an estimate of heat transfer can be 

obtained, this can then be used to correct the efficiency to obtain an adiabatic efficiency (Figure 

17). Since adiabatic efficiency is only subject to internal gas dynamics inside the turbocharger, 

it can apply to both on-engine operation and gas stand tests. Adiabatic efficiency can therefore 

be readapted for on-engine heat transfer.  

 

External Heat Transfer Processes 

 

Heat transfer processes in an automotive turbocharger (Figure 16) can be grouped into 

internal and external processes. The external processes involve heat transfer to the 

surroundings; such as air, fixings and other components.  These external processes consist of 

radiation, convection and conduction. In on-engine operation it is often the case that many of 

the adjacent components will be of a very similar temperature to the turbocharger itself. 

However, given the flexibility and density of engine bay layouts, most studies model the 

conduction to adjoining parts by using a conduction coefficient. The following equation 

describes external heat transfer for a turbocharger given the above assumption also applies to 

convection and radiation which can be calculated with an ambient ‘sink’ temperature [67]: 

 

𝑄𝑒𝑥𝑡 = 𝜃𝑒𝐴𝑒(𝑇𝑒 − 𝑇𝑎) + 𝜀𝜎(𝑇𝑒
4 − 𝑇𝑎

4) + 𝜅𝐴𝑐(𝑇𝑒 − 𝑇𝑎)/𝑥 

 
EQ9 

𝑄𝑒𝑥𝑡 =         𝑄𝑐𝑜𝑛𝑣         +         𝑄𝑐𝑜𝑛𝑑        +         𝑄𝑟𝑎𝑑                    

 

 

Figure 17 - Methods of applying tested efficiency to on-engine conditions 
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The temperature of the fluid inside the turbocharger (Tf), as shown in Figure 19, drives 

internal and external heat transfer, it can be related to the external surface temperature (Te) 

with equation 10: 
𝑄𝑒𝑥𝑡

𝐴
=   𝜃𝑖(𝑇𝑓 − 𝑇𝑖) =

𝜅

𝑡
(𝑇𝑖 − 𝑇𝑒)  

 

 

(𝑇𝑓 − 𝑇𝑖) =  
𝑄𝑒𝑥𝑡

𝐴𝜃𝑖
 

 

 

(𝑇𝑖 − 𝑇𝑒) =  
𝑄𝑒𝑥𝑡

𝐴 (
𝜅
𝑡)

 

 

 

∴ (𝑇𝑓 − 𝑇𝑒) =  
𝑄𝑒𝑥𝑡

𝐴
 (

1

𝜃𝑖
+

𝑡

𝜅
) 

EQ10 

 

  

 
For the purpose of modelling heat transfer, these equations (EQ9 and EQ10) can be solved 

to find the two unknowns (Te and Qext) providing all other coefficients are known.  

 

Internal Heat Transfer Processes 

 

Internal heat transfer concerns the convection and conduction of heat between components 

of the turbocharger. Although there are radiation effects, they are small in comparison to 

conduction and convection and are usually assumed to be negligible. Considering the one-

dimensional heat transfer between two internal turbocharger fluids (Figure 18), across a solid 

Figure 19 - 1D consideration of heat transfer 

through the housing wall 

Figure 18 - Internal heat transfer between two fluids in a turbocharger 
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body of length ‘l’, where the temperature of the surfaces in contact with fluid 1 and 2 are Ts,1 

and Ts,2 respectively; the internal heat transfer can be described with the following: 

 

𝑄𝑖𝑛𝑡

𝐴
=   𝜃𝑓,1(𝑇𝑓,1 −  𝑇𝑠,1) =

𝜅

𝑙
(𝑇𝑠,1 − 𝑇𝑠,2) =  𝜃𝑓,2(𝑇𝑠,2 − 𝑇𝑓,2) 

 

 

(𝑇𝑓,1 − 𝑇𝑓,2) =  
𝑄𝑖𝑛𝑡

𝐴
(

1

𝜃𝑓,1
+

𝑙

𝜅
+

1

𝜃𝑓,2
) EQ11 

 

If the fluid temperatures are known, along with the various heat transfer parameters, 

equation 11 can be used to model the internal heat transfer [67]. In addition to the theory 

outlined in this section, modelling of heat transfer processes that can describe physical 

conditions depend upon the knowledge of: fluid and ambient temperatures, emissivity of the 

housing components, thermal conductivity of all relevant components, and convective heat 

transfer coefficients for all interfaces.  

 

Forced convection is a common mechanism in which fluid motion is generated by an 

external source; a useful ratio is known as the Archimedes number (Ar). At values greater than 

1, natural convection is dominant, and lower than 1 is where forced convection is dominant. 

This is given by: 

 

𝐴𝑟 =  
𝐺𝑟

𝑅𝑒2
 EQ12 

 

Where Re is Reynolds number and Gr is the Grashof number: 

 

𝑅𝑒 =  
𝜌𝐶𝐿

𝜇
 

 

EQ13 

𝐺𝑟 =  
𝜒𝑔𝜌2𝐿3𝛩

𝜇2
 EQ14 

 

In free convection Reynolds number tends to zero and buoyancy forces (Grashof number 

describes the ratio of buoyancy to viscous force) dominate. The general expression for forced 

convection is given as:  

 

𝑁𝑢 = 𝑎 𝑅𝑒𝑏𝑃𝑟 𝑐 EQ15 

 

Where Nu is the Nusselt number, a, b and c are constants and Pr is the Prandtl number; these 

are expressed as: 

Pr = 
𝐶𝑝𝜇

𝜅
 

 

EQ16 

 

𝑁𝑢 =  
𝜃𝐿

𝜅
 EQ17 
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The length scale L in equations 13, 14 and 17 is the stream-wise distance. When 

investigating instances where ventilation is negligible, equation 17 can be replaced with [67]: 

𝑁𝑢 = 𝑑 𝐺𝑟𝑒𝑃𝑟𝑓 EQ18 

 

Where d, e and f are constants. This equation can be of use to describe the external heat 

transfer from the surface of a turbocharger when ventilation is negligible. 

 

When looking to quantify turbocharger performance, total to static efficiency (𝜂𝑡𝑠) and the 

mass flow rate parameter (MFP) are commonly used, and their expressions are shown by 

equation 4 and equation 1 respectively. These equations are for adiabatic processes, and as such 

their use cannot be justified for the calculation of diabatic reversible flows, since it is not 

isentropic [69]–[71]. Prior studies have used the assumption that heat transferred during this 

process is negligible [26], [72], [73] and so only included heat transferred before and after the 

process.  

 

For the purpose of analysing h/S diagrams for the compressor and turbine, a new system of 

subscripts is needed that is separate from the numerical subscripts used in the rest of the report. 

For the following discussions, this numerical system of turbocharger locations applies: 

 

1 Compressor inlet 3 Turbine inlet 

1* Impeller inlet 3* Rotor inlet 

2 Compressor outlet 4 Turbine outlet 

2* Impeller outlet 4* Rotor outlet 
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Figure 20 – h-S diagram for a compressor 

Figure 21 – h-S diagram for a turbine 
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Figure 20 shows the h-S diagram for a turbocharger compressor, illustrating adiabatic and 

diabatic processes; heat transfer before and after the process are labelled. Process 1-2adi 

represents the adiabatic compression, and process 1→2 shows diabatic compression. An 

isentropic process from point 1 would simply proceed vertically up to point 2isen; point 2 is the 

end point for a diabatic compression process, which would have higher temperature and 

therefore enthalpy [72]. The diabatic process flows from 1→1*→2*→2, but the expansion 

process 1*→2* is assumed to be adiabatic. Two separate heat transfer processes can then be 

defined between 1→1* and 2*→2, as before and after the compression process (QC,before and 

QC,after). The diabatic and adiabatic efficiency of the turbine can be calculated with the following 

expressions [72]: 

 

𝜂𝐶,𝑑𝑖𝑎 =  
∆ℎ𝑎𝑑𝑖,𝑖𝑠𝑒𝑛

∆ℎ𝑑𝑖𝑎
=  

𝑇2,𝑖𝑠𝑒𝑛 − 𝑇1

𝑇2 − 𝑇1
 

 

EQ19 

 

𝜂𝐶,𝑎𝑑𝑖 =  
∆ℎ𝑎𝑑𝑖,𝑖𝑠𝑒𝑛

∆ℎ𝑎𝑑𝑖
=  

𝑇2,𝑖𝑠𝑒𝑛 − 𝑇1

𝑇2,𝑎𝑑𝑖 − 𝑇1
 EQ20 

 

Similarly, the turbine h-S diagram (Figure 21) illustrates the adiabatic expansion (3→4adi) 

and the diabatic expansion (3→3*→4*→4). In this case the expansion process in the diabatic 

case (3*→4*) is assumed to be adiabatic and the heat transfer is again defined in two parts; 

before and after the expansion process. As with the expansion of the compressor, the turbine 

efficiencies can be calculated from the h-S diagram by using the following relations: 

 

𝜂𝑇,𝑑𝑖𝑎 =  
∆ℎ𝑑𝑖𝑎

∆ℎ𝑎𝑑𝑖,𝑖𝑠𝑒𝑛
=  

𝑇3 − 𝑇4

𝑇3 − 𝑇4,𝑖𝑠𝑒𝑛
 

 

EQ21 

 

𝜂𝑇,𝑎𝑑𝑖 =  
∆ℎ𝑎𝑑𝑖

∆ℎ𝑎𝑑𝑖,𝑖𝑠𝑒𝑛
=  

𝑇3 − 𝑇4,𝑎𝑑𝑖

𝑇3 − 𝑇4,𝑖𝑠𝑒𝑛
 EQ22 

 

In a 2006 study [74] which investigated the prominence of mass flow and speed in the 

compressor,  Shaaban and Seume successfully quantified the relationship between adiabatic 

and diabatic efficiency in turbochargers: 

 

𝜂𝐶,𝑑𝑖𝑎

𝜂𝐶,𝑎𝑑𝑖
=  (1 + 𝐾𝐶,𝑏𝑒𝑓𝑜𝑟𝑒𝜉𝐶)

−1
(1 +

𝜉𝐶

𝛾𝑎𝑖𝑟 − 1

1

𝑀𝑝,2
2

1

𝜖 (
1 − 𝜍2

tan 𝛽2∗
)

)

−1

 

 

EQ23 

 

𝑀𝑝,2 =  
𝑢

√𝛾𝑅𝑇1,𝑡𝑜𝑡

 

 

EQ24 

 

𝜍2 =  
𝐶2∗,𝑚𝑒𝑟

𝑢
 EQ25 
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Analysing equation 23, it can be seen that the peripheral Mach number (Mp), as a squared 

value, is the key parameter in determining compressor performance. Notably, as flow 

coefficient (ς) increases, the right-most term decreases; creating a larger deviation between 

efficiencies. This all implies that the efficiency ratio tends to unity as peripheral Mach number 

increases. A compressor with low values of heat number and high peripheral Mach numbers 

can be assumed to be working under adiabatic conditions [72]. 

 

EXPERIMENTAL STUDIES OF TURBOCHARGER HEAT TRANSFER 

 
The earliest experimental investigations into heat transfer effects in turbochargers were 

conducted in the 1980’s by Rautenberg et al. [75], [76] and Malobabic and Rautenberg [77]. 

These studies were focused upon comparing hot and cold test results. Cold tests are 

characterised by spinning the turbine with air that is fairly close to ambient temperatures; 

typically the aim here is to recreate adiabatic conditions so the heat transfers phenomena can 

be separated from other losses that occur in the turbocharger. The pulsating-flow test facilities 

at Imperial College London, for example, can conduct these cold tests on just the turbine 

mounted to the flow apparatus; facilities elsewhere exist where these tests can be performed on 

the entire turbocharger (including the compressor).  

 

Hot tests are more commonly used, particularly in industry (see Figure 23). These hot gas 

stand tests generate diabatic maps, which account for a specific quantity of heat transfer (which 

corresponds to the gas stand, and not realistic engine conditions) and other losses associated 

with the turbocharger. The most common mode of testing, used by industry to create 

performance maps, involves exposing the turbocharger to ambient conditions, whereby external 

heat fluxes can be measured. However, it is also possible to totally insulate the outer surfaces 

of the turbocharger in order to measure internal heat fluxes (see Figure 22).   

 

 
 

Figure 22 - A fully insulated turbocharger turbine, with attached thermocouples [78] 
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Figure 23 - Turbocharger hot gas stand, such as those used in industry. This example was produced by 

Kratzer Automation, a market leader in turbocharger test benches [79] 

For analysis and the production of maps, parameters recorded in both hot and cold tests 

include temperature and pressure at the inlet and exit of the turbine and compressor, mass flow 

rate of each working fluid, and rotational speed of the common shaft connecting the compressor 

and turbine wheels. Table 1, derived from records collected by Romagnoli et al. [80], shows 

the typical equipment used for each parameter, and references of example studies which have 

adopted the relevant experimental methods:  

 
Table 1- Experimental instrumentation used to measure various parameters required for the production 

of turbocharger maps for the purpose of analysing heat transfer 

Parameter Relevant Instrumentation Example Experimental Studies 

Gas mass 

flow 

Venturimeter 
Shaaban & Seume [81],  Rautenberg 

et al. [75] 

Hot wire 
Burke et al. [82], Serrano et al. [83], 

Romagnoli & Martinez-Botas [84] 

Hot film sensor Burke [85], Burke et al. [86] 

Oil mass 

flow 
Coriolis flow meter 

Payri et al. [87], Verstraete & 

Bowkett [88], Serrano et al. [89] 

Temperature K-type thermocouple Serrano et al. [89], [90] 

Oil 

temperature 
Platinum resistance thermometer 

Sirakov & Casey [69], Payri et al. 

[87] 

Pressure 
Piezoelectric/piezo-resistive 

sensors 

Burke et al. [82], [91], Serrano et al. 

[83], [92], Cormerais et al. [93], 

Burke [85] 

Rotational 

speed 

Eddy current sensor 
Shaaban & Seume [81],  Burke et al. 

[91] 

Inductive sensor 
Chesse et al. [65], Cormerais et al. 

[66] 

 

Thermal imaging can also be a useful experimental tool, Figure 24 shows the result of one 

such experimental test by Tanda et al. [94]. The left hand image and overlaid chart shows 
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minimal external heat variation during quasi-adiabatic testing, where temperatures are 

marginally higher in the bearing housing, on the right however diabatic testing shows far greater 

variation in external surface temperatures along the axial direction. When using thermal 

imaging in this manner, it is advisable to use a specialist coating in order to increase the thermal 

emissivity of the surfaces, and to ensure the thermal emissivity values are equal. The 

temperature gradients displayed in the right hand image are in part the result of the differing 

thermal conductivity values of the turbine, bearing and compressor housings.  

 

 

 
Figure 24- Thermal imaging test results of a turbocharger at quasi-adiabatic conditions (left) and 

diabatic conditions (right).[94] 

 

In 2002, Jung et al. [95] performed experiments that were amidst the first to determine the 

impact of heat transfer on the sections of turbocharger performance maps in regions that are 

typically neglected in industry. The authors didn’t succeed in correlating their findings with a 

function, but results did show that heat transfer had a significant impact in low speed 

environments, and that they can be considered negligible in high speed flow conditions [65], 

[96]. Researchers experimentally investigating compressor maps [65], [66] noted that as turbine 

inlet temperature increased constant speed lines of the compressor maps remain constant. 

Authors noted that this adds evidence to support the modelling assumption that heat transfer 

takes place after the turbine wheel [80]. Various authors [65], [95], [96] showed that plots of 

pressure ratio against corrected mass flow for the compressor is unchanged, and therefore 

immune from effects caused by heat transfer. However, changes in compressor outlet 

temperature do significantly alter efficiency plots and low speed conditions, leading to non-

negligible drops in performance. A 2017 study [94] explained that at high pressure ratios, heat 

transfer effects are mitigated by the additional absorption power of the compressor. In order to 

adapt maps, correction models can be adopted to alter conventional maps; such models have 

been developed for both compressors [97] and turbines [98].  

 

Turbine inlet temperature (TIT) is an important factor in turbocharger performance and its 

significance has been noted and investigated by various studies. TIT has a much higher impact 

on the temperature of the housing than external heat transfer, and turbine heat transfer is 

primarily a function of TIT [67]. For example, inner and outer wall temperature variations can 

reach up to 50 kelvin as TIT increases, which can negatively affect turbine efficiency [84], [99]. 

Baines et al. [67] found that reducing TIT by 100 degrees Celsius caused maximum heat flow 

to be reversed in the turbine housing. The maximum temperature of the turbine housing has a 
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linear relationship with TIT, compressor housing’s also share a linear relationship when subject 

to high mass flows [87].  

 

On the compressor side, where operating conditions are also a key driver of heat transfer, 

the oil temperature was found to have a larger impact than TIT by Sirakov and Casey [69]. 

Shaaban and Seume [81] discovered that 30% of the heat transfer away from the turbine was 

in the oil. Serrano et al. [100] wrote that compressor outlet temperature decreases when oil 

temperatures rise above that of the compressed air. Also, as the oil temperature increases, it’s 

viscosity decreases, causing Reynold’s number to rise. Romagnoli and Martinez-Botas stated 

this reduction in viscosity allows even more heat to be absorbed by the oil, improving its coolant 

effect [84].  

 

Insulated turbines, such as that pictured in Figure 22, offer a chance to study internal heat 

fluxes without heat loss to ambient air. It is estimated that when a turbocharger is not insulated, 

that 50% of heat loss from the turbine is to the ambient air [67], this loss from the turbine can 

account for up to half of the enthalpy drop in the turbine [87]. When not insulated, the 

compressor absorbs more radiant heat from the turbine than it loses through convection to the 

environment. Areas with larger contact areas and high temperatures are responsible for the bulk 

of heat loss to ambient.  

 

Experimental investigations have revealed some key findings on the quantification of 

efficiencies. Early work by Rautenberg et al. [76], published in 1984, observed a notable 3.3 

point difference between adiabatic and diabatic efficiencies when running at 70,000 rpm; this 

difference was found to increase as the physical distance between turbine and compressor 

housings was reduced. At 60,000 rpm, Shaaban and Seume [81] recorded a 55% difference 

between turbine power under diabatic and adiabatic conditions. As a result, volumetric 

efficiency was found to decrease between 3% and 4% near the compressor surge condition; this 

effect of reduced turbine power and increased compressor power may lead to turbo lag [81]. 

 

Burke et al. [86] provided some key comparison when producing their own convective 

correlations in 2015, the resulting table and graph are shown in Table 2 and Figure 25 

respectively. Nusselt number was previously given in its general form in equations 15 and 18; 

the variation shown in the relationship between Nusselt number and Reynolds number in Figure 

25 is due to changes in fluid density [80]. It’s clear to observe that different studies have 

concluded with diverse solutions, this is because of the dissimilar way that each study defined 

characteristic length (see column 4 of table 2). Baines et al. [67], Cormerais [101], Reyes-
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Belmonte [102] and Burke et al. themselves, conducted experimental testing to arrive at their 

correlations; Romagnoli and Martinez-Botas’s 2012 study [103] was a theoretical work.   

 

 
Table 2- Nusselt number correlations for turbocharger turbines, from Burke et al.[80], [86] 

 

 
Figure 25 - Comparison of fitted convection correlations, from Burke et al.[80], [86] 

 

 

HEAT TRANSFER MODELLING FOR TURBOCHARGERS 

 

One-Dimensional Heat Transfer Modelling 

 

A common approach to modelling heat transfer within turbochargers is to adopt a one-

dimensional lumped-capacitance model. This is a simplified system that represents each 

element of the system as a metal node, each element is connected by a virtual circuit and the 

properties of their interaction is defined. The resulting system is analogous to an electrical 
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capacitance and resistance model [80]. The energy storage of each of the nodes (turbine, 

compressor and bearing housing) is modelled by the capacitor attached to each. Each 

turbocharger component is assumed to be a simplified body with a known geometry; linear 

temperature distribution dominates, while radial distribution of temperature is neglected.  

Figure 26 shows an example one-dimensional lumped capacitance model by Serrano et al. [83] 

Commonly, Newton’s law of cooling is used to solve for conduction, the Sieder-Tate 

correlation is used to solve convection, and, when appropriate, Boltzman’s law can be used for 

radiation. Models that use the lumped capacitance method come with the assumption that heat 

transfer and work occur independently, with the heat flow taking place before expansion and 

after the compression; the expansion and compression processes themselves are often assumed 

to be adiabatic. The variables required to solve such a model are usually obtained from 

experimental testing. Testing, or 3D modelling should usually be required to validate any 

assumptions [104] made in one-dimensional models.  

 
Figure 26 - Schematic of a one-dimensional lumped capacitance model adopted by Serrano et al.[83] 

In modern commercial one-dimensional gas dynamics software, used to simulate the 

performance of powertrain components, turbochargers are a boundary condition and their 

performance is dictated primarily by the turbine and compressor maps input by the user. Much 

of the research undertaken in this area has been investigating accurate prediction of the turbine 

outlet temperature and the compressor outlet temperature, as these will have a significant 

impact on the engine-turbocharger matching process. A summary of one-dimensional 

modelling attempts is provided in Table 3, from Romagnoli et al. [80], representing a collection 

of the one-dimensional modelling attempts by various research groups, giving details of their 

equations, assumptions and methodology.  
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Multi-Dimensional Heat Transfer Modelling 

 

Experiments into heat transfer in turbochargers are often limited by the complexity of 

collecting detailed data of flow properties and temperature data throughout the device, since 

geometry can be complex and difficult to access with measuring devices. Since it’s regularly 

not possible to obtain a complete picture of boundary conditions required for computational 

modelling, heat transfer simulation of the entire turbocharging system is not currently used in 

industry [80]. In order to perform a three-dimensional analysis of a turbocharger, researchers 

have adopted a method known as the Conjugate Heat Transfer method (CHT). By treating the 

fluid domains and solid domains separately and conjugating the solution, only a minimal 

amount of inputs are required, and these are usually obtained via experiment. The results 

obtainable via this method can be detailed and useful to designers. An example is given in 

Figure 28, where Burke et al. [68] used 3-D CHT modelling to plot absolute temperature (right 

of Figure 27) and temperature along the points on the line of a single flow-path through the 

compressor (illustrated on the left of Figure 27). Cases 1 and 2 are modelled with an insulated 

outer casing, with case 2 having an adiabatic condition set on the inner inducer and shroud 

walls, preventing heat transfer prior to compression. Case 3 was similar to case 1, but with the 

inclusion of external convection to ambient air.  

 

 
Figure 27 – A single flow path through a compressor (left) and the resulting temperature at points along 

that line, obtained via 3-D CHT simulation 

In order to find a solution, the same numerical scheme and discretization method for both 

the fluid and solid zones, which are directly coupled. Calculation of external heat transfer can 

be avoided by using thermal imaging techniques [105] in combination with conventional inlet 

and outlet conditions. A study by Bohn et al. [105], [106] conducted CHT modelling and 

adopted thermal imaging software, also taking physical temperature measurements to verify 

accuracy. The authors also used their results to produce a set of emissivity constants used to 

account for radiation effects (commonly not accounted for by CHT models).  

 

CHT is computationally expensive and time consuming in comparison with one-

dimensional techniques, although this time can be reduced if used along with a one-dimensional 
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model [107]. Despite the additional complexity and computational time requirements, 

increasingly researchers are adopting CHT to study turbochargers and their individual 

components, such as the turbine, compressor or bearing housing. [68], [108], [109] The most 

commonly used turbulence models are the shear stress transport model for both the boundary 

layer [110] and the free stream [111], and the more efficient Baldwin-Lomax eddy viscosity 

model [80], [106], [112]. Although some have used the finite element method (FEM) to analyse 

heat transfer in three-dimensions [113], FEM is more often used in conjunction with the 

temperature fields found using CHT, in order to find the thermal stresses located in components 

that are subject to thermal loads [114].  

 

In 2003, Bohn et al. [105], [106] used CHT methods to conclude that, when Reynold’s 

number is low, compressor-side fluid is heated by transferred heat from the turbine side. At the 

high Reynold’s numbers the heating effects caused by compression are significant enough to 

increase the temperature of the blades and casing; authors concluded that heat transfer from 

turbine to compressor significantly impacts the compression. Bohn et al.’s later investigation 

[115], gave details of the modelling method used (Figure 28) detailing the millions of cells 

required for simulation. The results of the simulation were provided in the form of temperature 

distributions for the compressor, bearing housing and turbine (right of Figure 28 for the 

compressor side). The authors found that the compressor fluid is heated up by heat flux from 

the turbine at low Reynold’s numbers. At high Reynold’s numbers the compression heating 

effect is significant enough to discharge heat into the casing and through the blades. This model 

was not compared with experimental data for verification, although the boundary conditions 

were input from previous experimental data collected by Bohn et al. [105].  

 

In another study, Hellstrom et al. [116] used large eddy simulation (LES) to simulate a 

turbocharger in 3-D. They noted that the vortex structures that formed inside the turbine flow 

passages aided cooling by mixing cooler fluid, from the thermal boundary layer close to the 

walls, with the hot gases.  

 

 
Figure 29- Geometrical model (left) and detailed non-dimensional temperature distribution results 

(right) of the CHT model developed by Bohn et al.[115] 

 



Adam Feneley and Apostolos Pesiridis 38 

CONCLUSION 

 

This chapter has covered key principles of both heat transfer and unsteady flow phenomena 

in automotive turbomachinery, whilst also summarising the findings of theoretical and 

experimental research in both fields. To date, limited analysis has been done with a view of 

investigating heat transfer and pulsating flow effects in combination [80], this is largely down 

to the challenging experimental environment in which no simple solution has been found to 

measure all relevant parameters. Such experimental work requires high sensitivity sensors in a 

demandingly hot flow environment; other issues include limited space, and difficult 

accessibility for the location of all relevant instrumentation. Computational studies are 

demanding; due to their complexity, long calculation times and high software and hardware 

requirements are limiting factors. 

 

In order to attain a complete picture of turbocharger performance at the design stage, 

performance maps (or their possible future replacement) must account for the effects of 

pulsating flows, heat transfer phenomena, and ideally be formed of a wider range of test data 

than is currently used in order to minimise the need for extrapolation techniques that add 

additional uncertainty and error into predictions. Instead of the current industrial test method, 

a pulsating flow rig such as those described in this chapter, would be capable of obtaining a 

wider range of performance data, minimising extrapolation. Heat transfer then needs to be 

accounted for either theoretically with modelling, or in a future scenario, with a test rig and 

methodology that is capable of quantifying all relevant variables in hot pulsating gas flows. 

Computational studies will become increasingly feasible in the future as compuatational power 

increases and becomes more affordable. At this stage, experimental testing could be limited to 

that required for the validation and calibration of complex computational models.   

 

NOMENCLATURE 

 
Abbreviation Descritpion 

CFD Computational fluid dynamics 

CHT Conjugate heat transfer 

ICE Internal combustion engine 

MFP Mass flow parameter 

PR Pressure ratio 

TIT Turbine inlet temperature 

VGT Variable geometry turbocharger 

 

Roman Description 

A Area 

Ar Archimedes number 

C Velocity 

Cp Specific heat at constant pressure 

g Acceleration due to gravity  

Gr Grashof number 
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h Specific enthalpy 

K Fraction of heat transfer 

L Length/Length scale 

M Mach number 

ṁ Mass flow rate 

N Rotational speed 

Nu Nusselt number 

P Pressure 

Pr Prandtl number 

Q Heat Transfer 

R Gas constant 

R/r Radius 

Re Reynold's number 

S Entropy 

St Strouhal number 

T Temperature 

t time 

U Blade speed 

u Compressor peripheral speed 

V Velocity 

W Work 

x Length 

 

Greek Description 

β Blade angle, in degrees 

γ Ratio of specific heats 

ε Emissivity 

η Efficiency 

θ Convective heat trasnfer coefficient 

Θ Temperature difference between fluid and surface 

κ Thermal conductivity 

μ Dynamic viscocity 

ξ Heat number 

ρ Density 

σ Stefan-Boltzmann constant 

ς Flow coefficient 

τ Time scale 

φ Phase difference/Azimuth Angle 

Χ Coefficient of volume expansion 

ω Angular velocity 

Ω Rotor angular speed 
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Subscript Description 

1 Compressor inlet 

2 Compressor outlet 

3 Turbine inlet 

4 Turbine outlet 

1* Impeller inlet 

2* Impeller outlet 

3* Rotor inlet 

4* Rotor outlet 

a Ambient 

adi Adiabatic 

after after compression/expansion 

before before compression/expansion 

c Cross section 

C Comprssor 

cond Conduction 

conv Convection 

dia Diabatic 

e External surface 

ex Exit 

ext External 

F/f Fluid 

in Inlet 

int Internal 

isen Isentropic 

m Mean 

mech Mechanical 

mer Meridonal component 

out Outlet 

P/p Pulse/Pressure/Peripheral 

r Revolution 

rad Radiation 

s Surface 

T Temperature/Turbine 

tot Total condition 

t-s Total-to-static 
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