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Abstract 
 

Aerothermal analysis of complex flow systems requires thorough 

analysis. However, traditional measurement methods have limitations 

and pose hardships when measuring three-dimensional aerothermal 

properties. Such limitations can be overcome using non-intrusive 

magnetic resonance based measurement techniques. In this study, 

magnetic resonance velocimetry (MRV) / thermometry (MRT) is 

utilized to measure three-dimensional mean velocity and 

temperature fields of a complex flow system simulating the dilution 

zone of a gas turbine combustor.  

For basic verification of the techniques, a fully developed 

turbulent pipe flow is analyzed and the results are compared with 

numerical results and other measurement data. MRV velocity profile 

in the fully developed region is compared with direct numerical 

simulation (DNS) data, and MRT results are compared with 

thermocouple data for verification. 

For the combustor dilution zone analysis, radial jets are injected 

into a pipe flow, and upstream penetration and jet-like flow structure 

downstream are observed due to jet collision. The jet-like flow 

structure is compared with a round free jet through self-similarity 

analysis. Similar trend in flow development is observed in terms of 

normalized velocity profiles. Also, the correlation between thermal 

mixing and momentum flux ratio is further analyzed by comparing 

results of three different momentum flux ratios. 

 

Keyword : Magnetic resonance velocimetry, Magnetic resonance 

thermometry, Aerothermal analysis, Gas turbine combustor, Phase 

contrast, Proton resonance frequency shift 

Student Number : 2018-28838 
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Chapter 1. Introduction 
 

 

1.1. Research Background 

 

Analysis of complex flow systems, such as gas turbine engine or 

heat exchanger, has been one of the most challenging tasks in 

numerous fields of engineering due to difficulties in measurements 

posed by complex flow geometry and extreme flow conditions. 

Traditional aerothermal measurement techniques such as pitot tube 

and thermocouple are intrusive and other techniques such as particle 

image velocimetry (PIV), infrared (IR) or laser-induced 

fluorescence (LIF) thermography are often limited to 2D 

measurements. In such complex flows, interference between flow 

and measurement probes can cause alteration of flow structure 

downstream, which is directly related to measurement errors. 

Although PIV and LIF are known to be non-intrusive measurement 

techniques, these methods still hold limitations as they require 

additional optical windows and relatively simple flow passages to 

avoid surface reflections and distortion in data. Also, computational 

fluid dynamics (CFD) is frequently used for the analysis of complex 

flows to overcome experimental limitations. However, CFD requires 

high computation power and considerable time to solve for an 

approximate solution. Furthermore, the result must be validated for 

complex flows with other experimental data. To resolve such 

problems, there has been a constant need for non-intrusive 3D 
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measurement techniques. This can be achieved by utilizing magnetic 

resonance (MR) measurement techniques. 

In the medical industry, magnetic resonance imaging (MRI) has 

been used for imaging of tissues in the body for a long time. MRI is 

capable of capturing physical properties non-intrusively by 

measuring the resonance signals of protons placed inside the 

magnetic field. There have been numerous attempts in applying MR 

techniques to the fields of engineering for aerothermal analyses. For 

velocity field analysis, Elkins et al. [1] utilized an MR based 

measurement technique known as magnetic resonance velocimetry 

(MRV) to capture flow motion and obtained 3D mean velocity field of 

a complex flow. Benson et al. [2] also applied MRV on the analysis 

of gas turbine blade trailing edge film cooling flow. 

Magnetic resonance thermometry (MRT), an MR based 

temperature measurement technique, has also been derived from the 

medical field. Initially, studies have been conducted to measure the 

temperature of the body using MR for the safety of patients when the 

temperature of a local area in the body rises during hyperthermia 

therapy for cancer treatment [3, 4]. Wassermann et al. [5] further 

developed the technique and have shown that MRT is applicable to 

the engineering field by measuring the 3D mean temperature field of 

a flow in a circular tube. Spirnak et al. [6] conducted MRT 

measurement of jet in a crossflow, where flows of different 

temperatures are mixed, and compared the result with previous 

experimental data for validating MRT. Also, Benson et al. [7] applied 
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MRT on the analysis of gas turbine blade. Since the measurement 

results are dependent on both proton movement and temperature, 

previous studies have focused on finding ways to minimize the 

experimental errors by shortening the measurement time and as a 

result, numerous ways of data processing and measurement methods 

have been suggested. 

 

1.2. Research Objective 

 

In the present study, aerothermal analyses of a fully developed 

turbulent pipe flow are first conducted with MRV and MRT using 3T 

and 7T MRI machines for fundamental verification of the techniques. 

Velocity profile of the flow is measured using MRV and verified by 

comparing the result with direct numerical simulation (DNS) data. 

Next, MRT measurement is conducted and the results are compared 

with temperature measured with thermocouples for verification. Data 

correction method using reference oil phantom to remove 

measurement errors due to system bias is also presented. 

After technique verification, impinging jet mixing flow consisting 

of radially injected jets in a crossflow is examined to simulate and 

understand the physics of complex flow in a gas turbine combustor 

dilution zone. In a dilution zone, jets are injected radially to lower the 

mean temperature and eliminate extreme temperature gradient to 

avoid damage due to thermal fatigue. It is critical to find an optimal 

flow condition for efficient flow mixing without too much aerothermal 
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loss. The effects of momentum flux ratio between the radial jets and 

main pipe flow on mixing characteristics are examined through self-

similarity analysis and comparison of temperature non-uniformity. 

  



 ５ 

Chapter 2. Experimental Method 
 

 

2.1. MR Measurement Principles 
 

MR measurement techniques derive from resonance signals 

emitted from protons within a magnetic field. To generate resonance 

signals, random magnetic moment of nuclei is first aligned along the 

external magnetic field (B0) of the MRI machine. This process is 

called longitudinal magnetization. Radio-frequency (RF) excitation 

pulse is then applied to make the nuclei resonate and initiate 

precession of the magnetic moment. The specific frequency, known 

as Larmor frequency (ω) [8], is determined by the following 

Equation 2.1, where γ is the gyromagnetic ratio of nuclei and B0 is 

the strength of the external magnetic field exerted by the MRI 

machine. 

 

ω = γB0                  𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.1 

 

Required RF pulse frequency differs depending on type of nuclei 

and magnetic field strength. Once the protons are excited, precession 

of the net magnetic moment with angular frequency of ω takes place 

at certain flip angle (FA) with respect to the direction of the magnetic 

field. MRV and MRT techniques utilize phase change of the signals 

due to movements or temperature change.  

It is possible to measure 3D field using magnetic field gradients 
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as shown in Figure 2.1. Based on the idea of Larmor frequency, 

applying linearly varying magnetic field along the region of interest 

(ROI) allows localization of specific location for measurements. For 

3D measurements, magnetic field gradients can be applied in three 

different directions. First, slice selection gradient is applied in main 

flow direction. Slice selection usually determines the thickness of a 

measurement plane. Each of the frequency encoding and phase 

encoding gradients correspond to x-axis and y-axis in Fourier 

domain. The measured signal frequency datasets are then converted 

into an image data through inverse Fourier transformation. Multiple 

sets of planar measurement data can be combined to obtain 3D field 

data.  

For MR measurement, time interval between each RF pulse 

excitation is known as repetition time (TR). TR is the amount of time 

required for each measurement period consisting of RF pulse 

excitation, data acquisition, and longitudinal magnetization recovery. 

Echo time (TE) is the time interval between RF pulse excitation and 

data acquisition.  
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Figure 2.1. Gradient echo sequence diagram 

 

2.2. Magnetic Resonance Velocimetry (MRV) 
 

MRV is a non-intrusive MR measurement technique, which 

measures signal phase change due to motion within the ROI. Net 

phase change can be expressed by Equation 2.2 with Taylor series 

expansion. For simplicity, higher order terms including acceleration 

term are neglected.  

 

𝜙(𝑟, 𝑇𝐸) =  𝜙0 + 𝛾 ∫ 𝑟0⃗⃗⃗⃗ ∙ �⃗�(𝑡)

𝑇𝐸

0

𝑑𝑡 + 𝛾 ∫ �⃗� ∙ �⃗�(𝑡)

𝑇𝐸

0

𝑡𝑑𝑡   𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.2 

 

ϕ is the signal phase, γ is gyromagnetic ratio, 𝑟0 is the position, �⃗� 

is velocity, and �⃗� is the magnetic field gradients. The third term on 

the right hand side represents the phase shift due to motion within 

the magnetic field. Higher order momentum terms are neglected for 
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simplicity in the current study. 

In order to obtain 3D velocity components of a flow, a set of 

measurements is required. First, MR scan is conducted while the 

protons are moving. Then, another scan is accompanied when the 

fluid is stationary. The latter signal phase data is subtracted from the 

initial phase data to remove any additive velocity errors due to 

remaining eddy current or magnetic field-related imperfections 

during the measurement [1]. A bipolar gradient, a pair of magnetic 

gradients with same magnitude but opposite polarity, is applied to 

gain net phase shift of moving nuclei but zero phase change for 

stationary nuclei. By setting velocity encoding (VENC) value slightly 

higher than the maximum velocity, phase change due to motion within 

±π range is converted into velocity proportionally.  

 

2.3. Magnetic Resonance Thermometry (MRT) 
 

Using MRT, it is possible to calculate 3D mean temperature field 

from the signal phase shift. Equation 2.3 is derived from the second 

term on the right hand side of Equation 2.2, which represents the 

proton resonance frequency (PRF) shift due to temperature change. 

 

𝜙(𝑟, 𝑇𝐸) = 𝛾 ∫ {𝐵𝑙 + �⃗�(𝑡) ∙ 𝑟}

𝑇𝐸

0

𝑑𝑡                                

        = 𝛾 ∫ {(1 − 𝜎(𝑟))𝐵0 + �⃗�(𝑡) ∙ 𝑟}𝑑𝑡         𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.3
𝑇𝐸

0
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As the temperature changes, proton experiences magnetic field 

strength (Bl) slightly different from the external magnetic field 

strength (B0) by the portion of 𝜎(𝑟) due to nuclear shielding effect 

[9]. Signal phase shift under different temperature conditions can be 

expressed as Equation 2.4. 

 

∆𝜙 = 𝜙1(𝑟, 𝑇𝐸) − 𝜙2(𝑟, 𝑇𝐸)                             

     = 𝛾 ∫ (𝜎1(𝑟) −

𝑇𝐸

0

𝜎2(𝑟))𝐵0𝑑𝑡                           

                  = γ∆σ(𝑟)𝐵0𝑇𝐸 

                  = 𝛾𝛼∆𝑇(𝑟)𝐵0𝑇𝐸                       𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.4 

 

From this approach, a new variable, PRF thermal constant, α, which 

represents the linearity between signal phase shift and temperature 

change, is introduced. For simplification, Equation 2.4 can be 

rearranged to Equation 2.5. 

 

∆𝑇 =
𝜙(𝑇𝐸) − 𝜙𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒(𝑇𝐸)

𝛾𝛼𝐵0𝑇𝐸
            𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.5 

 

where ϕbaseline(TE) is the measured signal phase at reference 

temperature and ϕ(TE) is the measured signal phase at target 

temperature. TE must be chosen according to the dynamic range of 

temperature to avoid any aliasing since other parameters cannot be 

changed. 

As one can tell from the equation above, MRT does not measure 
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the absolute temperature, but rather measures the change in 

temperature from the PRF shift so temperature must be known at 

least at one location to be able to calculate absolute temperature of 

the ROI.  

In the previous studies [10-13], precise nuclear magnetic 

resonance (NMR) experiments were conducted and α = - 0.01 

ppm/C was determined for pure water.  

The resultant phase data, however, is dependent on both fluid 

motion and temperature as mentioned earlier. In order to measure 

temperature correctly using MRT technique under “flow on” 

condition, velocity effects must be removed to solely measure the 

effect of temperature. This problem can be resolved by using flow 

compensation (FC) technique. FC is a technique that can cancel out 

velocity effects by adding additional magnetic gradient lobes during 

data acquisition [14] as shown in Figure 2.2.  

 

 

Figure 2.2. Flow compensation diagram 
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Chapter 3. Experimental Setup 
 

 

3.1. Fully Developed Turbulent Pipe Flow 
 

A schematic of the flow system used in this study is shown in 

Figure 3.1 and one of the MRI machines and experimental setup used 

for the study is shown in Figure 3.2. Pump, valves, and bypass loop 

are used to control the flow. Seametrics SPX-100 impeller 

flowmeter and K-type thermocouple are installed to measure the 

volumetric flow rate and temperature. A 25A size hose with length of 

30 m and 3.5 mm thickness is used to transport water from the 

reservoir to the test section. In order to minimize temperature 

fluctuations during the experiment, 200 L water reservoir is used and 

temperature is controlled using heaters and a chiller. The flowmeter 

and thermocouples are connected to a LabView module to monitor 

flow rate and temperature during the experiment.  

For the measurements using 3T MRI machine, Siemens 

MAGNETOM TRIO 3T MRI machine at Seoul National University 

Hospital and an 8 channel phased array torso coil are used. For 7T 

measurements, PHILIPS 7T Human MRI machine at Korea Basic 

Science Institute (KBSI) and a 28 channel RF knee coil are used.  

For MR measurements, distortion in magnetic field strength due 

to magnetic susceptibility can result in measurement errors so it 

must be considered when selecting material for the experiment. For 

such reason, a 2.0 m long circular transparent PVC pipe is used for 
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the measurement to minimize this effect. For validation of 

temperature measurements, the thermocouples are installed at the 

pipe outlet and the reservoir outlet under the same thermal condition 

of the MRI scan room before carrying out MR measurements, since a 

metallic thermocouple cannot be inserted into the test section during 

the scan. The deviation between the temperatures measured 

downstream of the flowmeter and at the pipe outlet was less than 

0.15C. Based on this result, the temperature downstream of the 

flowmeter is considered to be the same as that of the pipe outlet. 

 

 

Figure 3.1. Schematic of fully developed pipe flow system  
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Figure 3.2. Fully developed pipe flow experimental setup (7T MRI) 

 

3.2. Impinging Jet Mixing Flow 
 

Gas turbine combustors are exposed to extreme temperature, 

and vulnerable to thermal damage. In order to protect major 

components, a dilution zone, which plays a critical role in terms of 

thermal mixing, is situated downstream of gas turbine combustors. In 

this region, jets of coolant are injected radially to control mean 

temperature and reduce temperature non-uniformity by enhancing 

thermal mixing through jet impingement. To simulate such flow 

phenomenon in a gas turbine combustor dilution zone, two separate 

water reservoirs with different temperatures, which are controlled 

using heaters and a chiller, are used. Flow conditions are controlled 

using valves and bypass flow passages attached to each flow loop. 

Also, a valve is attached at the inlet of a hot reservoir so that the 

flow is uniformly distributed into each water reservoir for 

consistency. Similar to the pipe flow case, temperatures and flow 

conditions are monitored using a LabView module. A schematic of the 
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flow system is shown in Figure 3.3. 

 

Figure 3.3. Schematic of impinging jet mixing flow system 

 

In the test section, six circular jet holes with diameter of 5.5 mm 

are placed radially along the pipe wall as shown in Figure 3.4 to 

generate impinging jets. For fully developed pipe flow, a 2.0 m long 

acrylic circular pipe with an internal diameter of 50 mm is used for 

the experiment. Secondary hot flow is inserted into an annular 

plenum around the pipe and then injected into the main pipe through 

the jet holes. Flow conditions are controlled using flowmeters, 

thermocouples, and LabView module. More detailed flow conditions 

are provided in Chapter 4. 

 

 

Figure 3.4. Impinging jet mixing flow test section 
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Chapter 4. Results and Discussion 
 

 

4.1. Fully Developed Turbulent Pipe Flow 
 

4.1.1. MRV Results 
 

MRV measurement of fully developed turbulent pipe flow is 

carried out using 40 mM copper sulfate solution with spatial 

resolution of [x, y, z] = [0.5 mm, 0.5 mm, 1.0 mm] at Reynolds 

number of 11,700. Z-axis represents streamwise direction and x-

axis and y-axis represent cross sectional planar coordinates. 4 scans 

are conducted for data averaging. In order to check whether the flow 

is fully developed, the MRV data is compared with DNS data of a fully 

developed turbulent pipe flow at Reynolds number of 11,700 [15]. 

MRV result normalized by maximum streamwise velocity and pipe 

radius is shown in Figure 4.1 along with DNS data. 

  

Figure 4.1. Velocity profile of MRV and DNS data for fully 

developed turbulent pipe flow at Re = 11,700 
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MRV measurement error is calculated based on Equation 4.1 with 

95% confidence interval. The error is calculated based on variance 

of background noise of the measured phase data. 

 

σ𝑅𝑂𝐼 =
𝑉𝐸𝑁𝐶

𝜋
√

𝑉𝑎𝑟{∆𝜙1(𝑟𝑅𝑂𝐼) − ∆𝜙2(𝑟𝑅𝑂𝐼)}

2
     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.1 

 

σROI represents the statistical velocity error obtained due to 

background noise. Δϕ1 and Δϕ2 each represent signal phase change 

due to fluid movement. The uncertainty is calculated from the 

background noise, which is the difference between repeated 

measurements. The factor 2 in the denominator derives from the 

subtraction of the phase data. 

 

4.1.2. MRT Results 
 

Measurement parameters for the 3T MRT experiment are 

provided in Table 4.1. The parameters are referenced from the MRT 

experiment led by Buchenberg et al. [16] 

 

 

 

 

 

 



 １７ 

Table 4.1. 3T MRT scan parameters 

ROI [x, y, z] = [128 mm, 128 mm, 20 mm] 

Spatial 

resolution 
[x, y, z] = [0.5 mm, 0.5 mm, 1 mm] 

Cases 

1-1) Flow on without FC 

1-2) Flow off without FC 

2-1) Flow on with FC 

2-2) Flow off with FC 

Temperature 

conditions 

24.3C (baseline) 

34.1C (target) 

Scan # 4 scans for each case 

TR, TE, FA TR : 29 ms, TE : 20 ms, FA : 7 

 

For the 3T MRT experiment, two different temperature 

conditions are chosen with total deviation of 9.8C. The measured 

signal phase data is corrected using oil reference phantoms in Figure 

4.2. By placing oil reference phantoms around the pipe, reference 

phase data can be obtained to sort out system bias in the data [17]. 

 

 

Figure 4.2. Oil reference phantoms and stand 
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Reference phantoms containing oil are scanned along with the 

circular pipe. Since oil inside the phantoms are stationary and 

assumed to have constant temperature, the resultant phase should be 

uniform within the regions of the phantoms. Due to system bias, 

however, the phase data obtained from the reference phantoms are 

not uniform so further data correction is conducted to remove the 

bias.  

For data correction processes, phase data within the oil 

reference phantom region is first unwrapped to remove any aliasing 

since oil has phase offset due to chemical shift. Once the data is 

unwrapped, system bias field is then generated by interpolating / 

extrapolating the data of the reference phantoms as shown in Figure 

4.3 using a MATLAB code [18]. The system bias field is then 

subtracted from the original phase map for data correction. 

 

 

Figure 4.3. (a) Original phase map, (b) Unwrapped phase map,  

(c) System bias field 

 

Using the resultant phase map, signal phase shift data is 

converted into temperature data using Equation 2.5 and the results 

a) b) c) 
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are shown in Figure 4.4 and Figure 4.5. The resultant temperatures 

are calculated by averaging temperatures within the regions marked 

with black squares in Figure 4.4. 

 

Figure 4.4. Effect of flow compensation  

(Center square : 60 x 60 voxel area for data averaging) 

 

 

Figure 4.5. Temperature comparison between  

thermocouple and 3T MRT data 
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To verify flow compensation technique, sets of data are acquired 

under “flow on” condition. Figure 4.4 (a) represents MRT result 

without flow compensation and Figure 4.4 (b) represents the result 

with flow compensation. The results show that the data with flow 

compensation shows much better agreement with temperature 

measured with a thermocouple.  

For more detailed analyses, 4 different measurement cases are 

chosen as listed in Table 4.1. As shown in Figure 4.5, MRT results 

without flow compensation, which are represented by yellow bars, 

show larger error, inferring that velocity components are not 

removed properly. On the other hand, flow compensated 

measurement data represented by black bars in Figure 4.5 shows 

much better agreement with thermocouple data. The results show 

that the effects of velocity on measurement data are successfully 

eliminated and only the effects of temperature are measured by using 

flow compensation technique. Based on the results, flow 

compensation is applied in further MRT experiments. 

Similarly, the 7T MRT experiment is conducted with 20 mM 

copper sulfate solution to maximize signal quality. Experimental 

parameters are provided in Table 4.2. 
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Table 4.2. 7T MRT scan parameters 

ROI [x, y, z] = [128 mm, 128 mm, 20 mm] 

Spatial 

resolution 
[x, y, z] = [0.5 mm, 0.5 mm, 1 mm] 

Temperature 

conditions 

20.3C (baseline), 25.3C,  

30.3C, 35.3C, 40.3C 

Scan # 4 scans for each temperature case 

TR, TE, FA TR : 25 ms, TE : 13 ms, FA : 7 

 

For the 7T MRT experiment, additional temperature conditions 

are selected for further verification of MRT technique. Similar to the 

3T MRT experiment, 4 scans are conducted for each temperature 

case. As previously demonstrated, the experiment is carried out 

using flow compensation. The results are shown in Figure 4.6 and 

Table 4.3. 

 

Figure 4.6. 7T MRT temperature maps  

(a) ΔT = 5C, (b) ΔT = 10C,  

(c) ΔT = 15C, (d) ΔT = 20C 
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Table 4.3. Temperature comparison between  

thermocouple and 7T MRT data 

Case Thermocouple ΔT MRT ΔT 

ΔT = 5C 5.0 ± 0.1 C 5.2 ± 0.1 C 

ΔT = 10C 10.0 ± 0.1 C 10.3 ± 0.1 C 

ΔT = 15C 15.0 ± 0.1 C 15.3 ± 0.2 C 

ΔT = 20C 20.0 ± 0.2 C 20.5 ± 0.2 C 

 

The resultant temperatures are calculated from the same region 

marked in Figure 4.4, and MRT results show good agreement with 

thermocouple data with relatively small errors as shown in Table 4.3. 

Measurement uncertainties are calculated from standard deviation of 

temperature within the center square region. 

The PRF thermal constant may vary in value depending on the 

type of fluid used in the experiment. The previous results provided 

in the current study are calculated using α = - 0.01 ppm/C, which 

is the PRF thermal constant of pure water found from precise NMR 

experiments [10-13]. Based on the 7T MRT result from which 

precision measurements are performed through higher SNR, a new 

PRF thermal constant for 20 mM copper sulfate solution used in the 

experiment is derived. An attempt to find a linear relationship 

between the mean value of the MRT and the thermocouple data is 

carried out. As a result, a new constant of α = - 0.01106 ppm/C 

is found and the average error is found to be less than 0.14C as 

shown in Figure 4.7. 
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Figure 4.7. Linearity between MRT and thermocouple 

(α = - 0.01106 ppm/C) 

 

4.2. Impinging Jet Mixing Flow 
 

4.2.1. 7T MRV Results 
 

Analysis of jet impingement has been conducted in a number of 

engineering fields for its wide applicability. Due to its intricate flow 

structure and physics, however, experimental analysis of jet 

impingement is challenging. Previous studies on impinging jet mixing 

flow [19, 20] have shown that the flow pattern can be characterized 

with a parameter known as momentum flux ratio (J) shown in 

Equation 4.2.  
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J =
𝜌𝑗𝑉𝑗

2

𝜌𝑚𝑉𝑚
2

                  𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.2 

 

Vj is the velocity of impinging jet and Vm is the velocity of the main 

cross flow. ρ represents the respective fluid density. 

 

Table 4.4. Experimental conditions (MRV) 

Criteria MRV 

ROI [128 mm, 128 mm, 90 mm (-30 ~ 60 mm)] 

Spatial 

Resolution 
[0.5 mm, 0.5 mm, 1 mm] 

TR, TE, FA 25 ms, 4 ms, 7 deg. 

J1/2 25 

Mean velocity 

(cm/s) 

Jet : 22 

Main : 0.9 

Temperature 24.3 C 

 

MRV results clearly show the stagnation point at the center of 

jet-in-plane (JIP) due to radially injected jets as illustrated in 

Figure 4.8. In addition, the collision of jets result in strong flow in 

both directions, where invasive reverse flow occurs in the upstream 

region interfering with the main flow and jet-like downstream 

generating higher temperature core region in the downstream region 

as shown in Figure 4.9. This upstream penetration and downstream 

jet-like flow result in complex mixing phenomenon. 
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Figure 4.8. Planar view of JIP with stagnation point 

 

 
Figure 4.9. Centerplane streamwise velocity field 

 

Based on the MRV data, downstream jet-like flow structure is 

compared with round free jet [21] using self-similarity analysis. 

Here, velocity profiles at four different locations downstream are 

√ 𝑈2 + 𝑉2 (𝑐𝑚/𝑠) 
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used for the analysis.  

The result shows good agreement between the round free jet and 

jet-like flow structure as shown in Figure 4.10, which infers that 

initial flow development in the downstream region of the impinging 

jet resembles the flow development of a round free jet and the flow 

mechanism of both flows is analogous. Due to limited ROI of the 

measurement, wall confinement is not visible from the current result. 

However, wall confinement effect is expected to affect flow 

development further downstream and eventually alter the flow into 

an internal pipe flow. 

 

 

Figure 4.10. Self-similarity analysis of a round free jet  

(Re # = 105) and downstream of impinging jet mixing flow 
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4.2.2. 7T MRT Results 
 

For the MRT experiment, three different J1/2 values are chosen 

to observe the effects of J on thermal mixing. Experimental 

conditions are provided in 오류! 참조 원본을 찾을 수 없습니다..  

 

Table 4.5. Experimental condition (MRT) 

Criteria MRT 

ROI [128 mm, 128 mm, 90 mm (-30 ~ 60 mm)] 

Spatial 

resolution 
[1 mm, 1 mm, 1 mm] 

TR, TE, FA 25 ms, 13 ms, 7 deg. 

J1/2 15 20 25 

Mean velocity 

(cm/s) 

Jet : 22 Jet : 22 Jet : 22 

Main : 1.5 Main : 1.1 Main : 0.9 

Temperature 
19.8 C (main), 30.4 C (jet) 

24.3 C (baseline) 

 

Note that spatial resolution is bigger for the MRT experiment 

than that of the MRV experiment to reduce overall scan time and 

minimize temporal phase drift errors.  
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Figure 4.11. Centerplane temperature distribution 

 

In Figure 4.11, a tendency where high temperature region 

downstream becomes more distinctive and wider due to stronger jet 

impingement with increasing momentum flux ratio is observed. 

Temperature non-uniformity is calculated using Equation 4.3 [22] 

for further data comparison. 

 

            𝑓𝑖 =
𝑇𝑖−𝑇𝑗

𝑇𝑚−𝑇𝑗
, 𝑓𝑒𝑞 =

𝐺𝑗
𝐺𝑚

⁄

1+
𝐺𝑗

𝐺𝑚
⁄

 (𝐺 = flow rate) 

𝑓′ = √
1

𝐴
∑ 𝛽𝑖(𝑓𝑖 − 𝑓𝑒𝑞)

2

𝑖
         𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.3 

 

fi is local mixture fraction, which is the local temperature normalized 

with jet and main flow temperatures at each voxel within the ROI. feq 

is equilibrium mixture fraction for mixed out temperature calculated 

from flow rate ratios. βi is local voxel area, and A is total area. 

Experimental data from the previous research [22] is compared 
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with the present MRT data. The previous research focused on the 

effect of jet-hole geometries on thermal mixing performance. As the 

current study is based on circular jet-hole geometry, the result of 

the baseline geometry case is employed for direct comparison. Both 

experiments are conducted under three momentum flux ratios. The 

result and the ratios are shown in Figure 4.12. Since the result of the 

previous research only provides data up to Z/R = 1, the location is 

marked with a black dotted line on the current experimental data. 

 

 

Figure 4.12. Temperature non-uniformity comparison  

(left : Hatch et al. [21], right : MRT data 

 

Temperature non-uniformity is an area-weighted standard 

deviation of temperature, which represents the degree of non-

mixedness. So, if the value is nearly zero, then it means that the 

temperature distribution is almost uniform. As shown in Figure 4.12, 

tendency of high non-uniformity is visible due to jet injection near 

the JIP (z/R = 0). Stronger jet penetration in both upstream and 

downstream regions are observed due to high momentum of flow in 

the core region due to jet impingement. As the flow progresses 
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further downstream, shear layer mixing and spreading take place. 

The temperature in the region is mitigated as the flow is mixed out 

and the temperature distribution becomes more uniform as shown in 

Figure 4.11. As a result, change in temperature non-uniformity 

becomes more gradual as the flow mixed out and thermal mixing is 

no longer dominant as shown in Figure 4.12.  

A tendency where non-uniformity remains relatively high with 

higher momentum flux ratio is visible in both cases. However, the 

result of the current study shows that there is no significant 

difference between J = 20 and J = 15, which infers that increasing 

the momentum flux ratio does not simply increase the non-

uniformity, but rather an optimal condition of mixing exists. Once past 

the point, temperature non-uniformity is expected to increase due to 

more dominant downstream “jet-like” flow structure after jet 

impingement.  

As shown earlier, the resultant flow shoots out in both directions 

generating upstream penetration, a reverse flow in the upstream 

region with higher temperature due to stagnation of impinging jets, 

and downstream “jet-like” flow. With higher momentum flux ratio, 

the downstream flow structure advects further downstream. As the 

hot center region is maintained further downstream due to higher 

momentum, mean temperature increases but mixing efficiency 

decreases as the temperature distribution becomes less uniform 

increasing the non-uniformity.  
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4.3. 7T MRT Uncertainty Analysis 
 

4.3.1. Fully Developed Turbulent Pipe Flow 
 

Measurement uncertainty of MR based measurement techniques 

can be calculated from the statistical approach of the measured 

signals. Uncertainties of fully developed turbulent pipe flow MRT 

experiments are calculated using standard deviation of the result 

within the ROI. Since the flow is fully developed and by assuming 

adiabatic condition, temperature distribution within the ROI should be 

uniform. From this perspective, standard deviation of temperature is 

calculated using the data within the square regions shown in Figure 

4.4. In order to minimize the effects of miscellaneous artifacts near 

the pipe wall, the region is selected at the center region of the pipe. 

To assure 95% confidence interval, the standard deviation is 

multiplied by 1.96. The result is shown in Table 4.3. 

Also, signal-to-noise ratio (SNR) analysis is essential when 

evaluating MR data uncertainty. SNR of 3T and 7T MRT data was 

quantified to identify the characteristics of each experimental data. 

As shown in Equation 4.4, two region method is used to calculate the 

SNR from the ratio of the mean signal intensity within the pipe and 

the standard deviation of the signal intensity of the background noise 

signals.  

 

SNR =
𝑚(𝑆𝑅𝑂𝐼)

𝜎(𝑆𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)
           𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.4 
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S represents the signal intensity and m and σ represent mean and 

standard deviation respectively.  

In MR measurements, the SNR of the measurement data 

increases by the square root of the number of ensemble averages 

through repeated measurements. In this study, since the 

measurement was conducted 4 times for all flow cases, the SNR of 

the averaged data is 2 times larger than that of a single measurement. 

Table 4.6 shows the SNR of the results of 3T and 7T MRT 

experiments. For direct comparison, only the flow compensated data 

is shown in the table.  

 

Table 4.6. MRT SNR comparison (pipe flow) 

 Single 

Image SNR 

Averaged 

Image SNR 

3T 
T = 25.1C 15.1 27.9 

T = 34.9C 16.2 29.1 

7T 

T = 20.3C 148 314 

T = 25.3C 142 290 

T = 30.3C 144 311 

T = 35.3C 143 283 

T = 40.3C 145 294 

 

In the case of SNR calculated from a single image, the average of 

4 individual datasets is used. The result confirms that the SNR 

increases about 2 times through the signal ensemble averaging.  

The SNR in MR measurement can be changed due to various 
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reasons including the magnetic field strength, type of RF coil, and the 

number of transceiver coil channels [23-25] so it is hard to say that 

the difference in SNR between 3T MRT and 7T MRT results is 

caused only by the difference in external magnetic field strength. As 

mentioned earlier in the paper, 8 channel phased array torso coil is 

used for 3T MRT experiment and 28 channel knee coil is used for 7T 

experiment. Also, for the 3T MRT experiment, 40 mM solution used 

in the previous MRV experiment is used for the experiment. On the 

other hand, the solutions with 10 different concentrations are tested 

to maximize signal intensity for the 7T MRT experiment. For such 

reasons, the SNR for the 7T MRT experiment is almost 10 times 

larger than that of the 3T MRT experiment. As shown in Figure 4.13, 

it can be seen that the temperature distribution of the 7T MRT result 

is relatively uniform due to the higher SNR. 
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Figure 4.13. Data quality analysis 

   (a) 3T, (b) 7T (ΔT=10C) 

  (ΔT plotted along the centerline) 

 

4.3.2. Impinging Jet Mixing Flow 
 

Similar to the pipe flow experiment, SNR is computed based on 

the statistical approach. However, since the temperature distribution 

is no longer uniform due to complex mixing, standard deviation is 

calculated using SNR and MR parameters as shown in Equation 4.5 

[26, 27]. 

𝜎(𝑇) =
𝜎(𝜙)

𝛾𝛼𝐵0𝑇𝐸
=

1

𝛾𝛼𝐵0𝑇𝐸

1

𝑆𝑁𝑅
        𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.5 
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For 95% confidence interval, the standard deviation is multiplied 

by 1.96. The result is shown in Table 4.7.  

 

Table 4.7. Impinging jet mixing flow SNR and uncertainty 

Image SNR MRT Uncertainty 

12.5 ± 0.6C 

 

The SNR is significantly lower compared to that of 7T MRT pipe 

flow experiment. This is due to much higher background noise caused 

by complex mixing flow and single measurement without averaging.  
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Chapter 5. Conclusion 
 

 

Basic verifications of MRV and MRT are conducted using a fully 

developed turbulent pipe flow. 3D mean velocity and temperature 

fields are successfully measured and both qualitative and quantitative 

analyses are carried out to verify the measurement techniques. Mean 

velocity field shows good accordance with DNS data and the 

measured temperature deviation field well corresponds to the 

temperature measured with thermocouples.  

The techniques are further utilized to analyze complex mixing 

flow by examining radial jet impingement with a cross pipe flow to 

simulate a combustor dilution zone. The mean velocity field shows a 

stagnation point at the center of JIP and high temperature core region 

is also observable due to jet-like flow structure downstream. In 

addition, development of the jet-like flow structure derived from the 

jet impingement showed similarity with a round free jet.  

Not only has the momentum flux ratio affected mean temperature 

downstream, but also influenced the mixture non-uniformity. The 

results show overall increase in temperature as the influence of jet 

flows become more dominant, and the mixture non-uniformity also 

increases due to stronger core structure, diminishing mixing 

efficiency downstream within the ROI.  

One of the major purposes of dilution zone in a gas turbine 

combustor is to enhance flow mixing to remove extreme temperature 
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gradient or hot-streaks to avoid thermal fatigue damage on turbine 

blades. The results shown in the present study suggest that 

momentum flux ratio must be implemented with caution regarding 

thermal mixing and aerodynamic loss. Higher momentum flux ratio is 

favorable when quick change in average temperature is required. In 

terms of temperature uniformity, however, momentum flux ratio must 

be chosen accordingly through precise aerothermal analysis. Also, 

jet impingement results in upstream penetration, which causes 

interference with the main flow is expected to result in aerodynamic 

loss. 
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자기공명영상법의 적용을 통한 충돌 

제트 혼합 유동의 열/유동 분석 
 

서울대학교 대학원 

기계항공공학부 

류 형 우 

 

요약 
 

복잡한 유동 시스템의 경우 그 성능 평가를 위해 열/유동 해석이 

필수적이다. 그러나 복잡한 기하학적 구조와 극한의 조건으로 인해 

기존의 계측 방법을 통한 열/유동 계측은 매우 어렵다. 이러한 한계점은 

비침습적인 자기공명 기반의 측정 기법으로 극복이 가능하다. 본 

연구에서는 자기공명속도계 (MRV) / 온도계 (MRT)를 활용하여 제트가 

방사형으로 분사되어 주 유동과 혼합되는 가스터빈 엔진 연소부의 

dilution zone을 모사하는 복잡한 열유동의 3차원 평균 유동장 및 

온도장 측정을 수행한다. 계측 기법의 기본 검증을 위해 완전발달 난류 

원관유동의 열/유동장 계측을 MRV/T를 통해 수행한다. 완전발달 

영역에서 직접 수치해석 데이터와 유사한 유동 분포도가 계측되며 

열전대 계측 값과 비교를 통해 MRT 기법의 검증을 수행한다. 

Dilution zone 분석에서는 제트 충돌로 인해 상류로의 침투와 

하류에서의 제트와 유사한 유동 구조가 관찰되며, 하류의 제트와 유사한 

유동 구조는 속도 분포상의 정규화를 통한 원형 자유 제트와의 비교를 

통해 유동 메커니즘 분석을 수행한다. 또한 3가지 운동량 흐름 비율로 

인한 결과 비교를 통해 열 혼합과 운동량 흐름 비율의 상관관계에 대한 

연구를 수행한다.  

 

주요어: 자기공명온도계, 자기공명속도계, 열/유동 분석, 가스터빈 

연소기, 위상차, 양자공명주파수 변화 
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