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a b s t r a c t 

This study aims to improve the energy efficiency and reduce flow noise in a refrigerator machine room 

by investigating the flow behavior using magnetic resonance velocimetry (MRV). A 1/2 scale model of the 

machine room was fabricated using stereolithography 3D printing, and the 3-dimensional mean velocity 

and turbulent kinetic energy (TKE) field were measured. Results from the reference model showed highly 

non-uniform flow distribution and high TKE regions. An improved machine room geometry was proposed, 

which led to an increase in mean flowrate through the condenser by 17.3% and a reduction in high TKE 

regions by over 77%, potentially resulting in improved energy efficiency and reduced turbulence-induced 

noise. These findings demonstrate the effectiveness of MRV in analyzing the flow behavior of complex 

3D geometry such as the refrigerator machine rooms. The proposed improvements, including reposition- 

ing of flow-blocking pillars, relocating refrigerant pipes, changing inlet configurations, and increasing the 

area of inlet and outlet grilles, were validated using MRV. The results also confirm the accuracy of the 

MRV measurements, which were validated using an electromagnetic flowmeter. These findings have im- 

plications for the practical application of cooling systems and highlight the potential of MRV for future 

research in analyzing fan noise and applying MRV to models with built-in fans. 

© 2023 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

In recent years, the market demand for home appliances with 

igh energy efficiency and low noise, particularly premium prod- 

cts, has increased significantly, prompting extensive research in 

his area [1–4] . Heat and noise in home appliances are typically 

enerated by specific components within the system. For refriger- 

tors, the compressor and condenser are the primary sources of 

eat and noise [5] . Given the importance of both components in 

he operation of the refrigerator system, it is crucial to enhance 

he performance of the compressor and condenser to develop high- 

nergy efficient and low-noise refrigerators. 

The compressor and condenser are typically located at the bot- 

om rear section of a refrigerator, known as the machine room. 

he room is designed with a ventilation system to dissipate the 

eat produced inside. However, when the flow environment inside 

he machine room is not properly considered, the proportion of air 
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assing through the condenser is significantly reduced, and a large 

mount of flow-induced noise is generated due to turbulence. This 

s because a turbulent flow generates vortices that create pres- 

ure fluctuations and sound waves, resulting in flow-induced noise 

 6 , 7 ]. Therefore, it is crucial to ensure a uniform flow distribution

round the condenser and improve the machine room structure to 

ffectively dischar ge internal heat to the outside, thereby maximiz- 

ng heat exchange performance and minimizing noise. 

To improve the internal structure of the machine room, mea- 

uring internal flow is essential. In the past, hot wire anemome- 

er [8] or pitot tube techniques were utilized in the refrigerator to 

easure air flow speed. However, these point-wise (1D) techniques 

ad limitations in analyzing accurate spatial flow distribution due 

o their invasive nature. Subsequently, particle image velocimetry 

PIV) was frequently used to measure 2D flow distribution of the 

pstream and downstream of the evaporator for two refrigerator 

odels [9] to confirm factors causing flow non-uniformity. Kim 

t al. [10] used computational fluid dynamics (CFD) to analyze flow 

round the grille in the machine room and improved the grille’s 

hape to increase flow rate through the condenser. However, PIV 

annot visualize flow in an opaque and complex environment, such 

s the machine room’s interior. Moreover, it is difficult or requires 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. 3D model of the refrigerator machine room for MRV. (a) The machine room 

is viewed from the back of the refrigerator without the rear panel. Components 

such as compressor, fan, and condenser are placed inside the room, and inlet 1 and 

outlet 1 are at each side. The top and refrigerator front sides are blocked and (b) 

the rear panel and (c) the bottom panel have inlets and outlets. (d) A schematic of 

the entire test section with expander, flow conditioners, machine room model and 

contraction. 
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ulky, complex equipment to measure the entire 3D flow field. 

dditionally, CFD research using simple 2D models or simplified 

tructures for analyzing flow in the refrigerator machine room has 

imitations in accurately understanding the actual flow characteris- 

ics. 

Magnetic resonance velocimetry (MRV) is a non-invasive tech- 

ique that employs magnetic resonance imaging (MRI) to visual- 

ze fluid flow. MRV is particularly useful in studying opaque and 

omplex flows, as it can measure three-dimensional velocity, tem- 

erature, density, and TKE fields [11–14] . Therefore, there has been 

 recent surge in the use of MRV in complex flow measurement 

esearch. For instance, Lee et al. [15] . utilized MRV and omni- 

irectional integration (ODI) technique to visualize mean flow ve- 

ocity and calculate the pressure field inside a vacuum cleaner 

ozzle. Similarly, Davidson et al. [16] . and Baek et al. [17] . em-

loyed MRV to study the complex internal cooling flows within 

as turbine blades. Schmidt et al. [18] . validated MRV’s ability to 

ccurately measure turbulence in complex flow patterns at high 

eynolds numbers. Therefore, using MRV to measure fluid flow in- 

ide a refrigerator machine room would enable a precise under- 

tanding of the flow characteristics, which can help improve inter- 

al flow, thereby increasing energy efficiency and reducing refrig- 

rator noise. 

The objective of this study is to investigate the feasibility of 

easuring 3D mean velocity and TKE inside the refrigerator ma- 

hine room using magnetic resonance velocimetry (MRV) and en- 

ancing the internal flow of a commercially available LG Electron- 

cs refrigerator (M349SE model). To achieve this goal, we construct 

n experimental model of the refrigerator machine room and inter- 

al components using 3D printing. Based on the measured results, 

e identify the internal geometry that causes non-uniform flow in 

he machine room and propose an improved internal geometry. It 

s important to note that the change in internal geometry is limited 

o factors that can be incorporated into the actual machine room 

esign. Finally, we compare the velocity and TKE in the improved 

achine room to confirm the improvement of the internal flow. 

ur findings demonstrate the potential of MRV in improving the 

nergy efficiency and noise reduction of refrigerators by enhancing 

he internal flow through modifications to the internal geometry. 

. Experimental methods 

Fig. 1 shows a three-dimensional CAD image of the refrigera- 

or machine room model. The machine room contains a condenser, 

ompressor, refrigerant pipes, fan, 4 inlets, and 5 outlets. The inlets 

nd outlets are positioned on the right and left sides of the fan, 

espectively ( Fig. 1 a). Under the rated output condition (medium 

peed), the fan rotates at 730 rpm and generates flow within the 

achine room. Prior to the MRV experiments, we confirmed that 

he airflow rate through outlet 2, with the other outlets (outlets 1, 

, 4, and 5) closed, was 397.6 liters per minute (LPM) under the 

bove condition. However, for the MRV experiments, we used an 

xternal pump to drive flow through the machine room and a sta- 

ionary fan system that only allows non-metallic materials inside. 

dditional details on how we measured the airflow rate are pro- 

ided in supplementary material1. 

The machine room model was installed at the rear of the test 

ection, as illustrated in Fig. 1 d and shown in the inset optical 

icture of Fig. 2 . To prevent unnecessary flow mixing of the in- 

et and outlet flows, a partition dividing the flow entrance from 

he exit was positioned in the middle. Thus, the fluid entering the 

est section passed through the machine room model and was dis- 

harged through the outlets. Upstream of the test section, a flow 

onditioner was installed to reduce swirls and vortices and pro- 

ide more uniform flow at the entrance. Since metals are not al- 

owed in the MRI scan room area to prevent magnetic field distor- 
2 
ion, all experimental components of the test section were made of 

lastic materials. The outer case and connecting parts were made 

f machine-processed polycarbonate, while all other parts were 

roduced through stereolithography (SLA) 3D printing (Form 3 L, 

ormlabs, USA). The resolution of the 3D printing was 50 μm, and 

lear photopolymer resin was used as the printing material. All 3D 

rinted parts were printed separately and then assembled. We fab- 

icated two MRV models, the reference model and the improved 

odel, and both models had the same structure and size, except 

or the elements that were improved. 
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Fig. 2. A schematic of the closed-loop flow circuit for the MRV experiment. The test section placed in a bed of the scanner is connected to the flow meter, reservoir, and 

pump in the console room through pipe systems. The flow entered the test section passes through the flow conditioner and machine room model sequentially and exits. 

Control of experiments and data acquisitions are conducted via a computer with a DAQ device. 

Table 1 

Comparison of flow conditions in the MRV experiment. Reynolds similarity between the actual model and MRV model was used to determine the flow conditions. 

Model Scale Hydraulic 

diameter [cm] 

Fluid Kinematic viscosity [m 

2 /s] Re Q out [LPM] Mean velocity [cm/s] 

Actual 1 1.670 Air 1.506E-5 (20 °C) 760 397.6 68.5 

MRV 0.5 0.835 Water 1.0023E-6 (20 °C) 760 13.2 9.1 
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As MRV measurement uses water as the working fluid, it is nec- 

ssary to perform Reynolds similarity to reflect the flow character- 

stics of air in the actual model. The Reynolds number is calculated 

ased on the hydraulic diameter () and mean velocity ( V ) at outlet 

 ( Fig. 1 b), and the dynamic viscosity ( ν) of the working fluid at a

pecific temperature (20 °C) in the machine room model, using the 

ollowing formula: 

e = 

V D h 

ν
. (1) 

The calculated Reynolds number was 760. However, since the 

achine room model for MRV was fabricated at 1/2 the actual size 

o fit inside an MRI torso coil, the hydraulic diameter was reduced. 

herefore, we calculated the flow rate for the MRV experiment by 

onsidering the changes in the working fluid and size of the model. 

etailed flow conditions for the Reynolds similarity are summa- 

ized in Table 1 . 

Fig. 2 shows the flow circuit used for MRV measurement in a 

losed-loop system. The MRV experiments were conducted using 

 3T human MRI system (Achieva 3T, Philips, Netherlands) located 

t the Ochang campus of the Korea Basic Science Institute (KBSI, 

hungju, Korea). The assembled test section was wrapped using a 

6-channel torso coil designed for a human body and placed in- 

ide the MR scanner. The flow supply system, located in the con- 

ole room adjacent to the scan room, comprised a three-phase 

ump (PA-10 0 0SS-T, Hanil Electrics, Korea), inverter (SV015 IG5A-1, 

SIS, Korea), electromagnetic flowmeter (KTM-800, Korea Flowme- 

er, Korea), reservoir, and piping components. The temperature of 

he working fluid was maintained at 20 °C during the experiment 

sing a refrigerated and heating circulator (RW3–1025, Jeio Tech, 
3 
orea). To achieve a high signal-to-noise ratio (SNR) in MRV mea- 

urement, a 20 mM aqueous solution of CuSO 4 was used as the 

orking fluid [19] , which has almost the same viscosity and flow 

haracteristics as water. 

The mean velocity measurement was performed using the 

flow (“Quantitative flow measurement”) sequence program built 

nto the Philips MRI scanner, which employs a six-point phase con- 

rast method [20] for velocity encoding. The measurement was 

onducted using a field of view (FOV) of 360 × 176 × 130 mm, 

ith 0.5 mm isotropic voxels. The repetition and echo times were 

et to a minimum of 5.5 ms and 3.0 ms, respectively, and a flip 

ngle of 15 ° was used. To prevent aliasing and minimize uncer- 

ainty, a velocity encoding (VENC) of 20 cm/s was applied. To cor- 

ect background noise caused by magnetic field inhomogeneity, the 

ame MRI parameters were used for both the flow-on and flow- 

ff conditions, and the resulting data were subtracted [ 19 , 21 , 22 ].

o improve the reliability of the measured data and reduce uncer- 

ainty, the number of signal averages (NSA) was set to 4, and the 

verage of two sets of flow-on and flow-off data was used [ 23 , 24 ].

he measurement uncertainty of the mean velocity for each veloc- 

ty component in two sets of flow-on data with identical MRI scan 

arameters and flow conditions within the region of interest (ROI) 

f all flow regions was calculated using the equation proposed by 

ruschewski et al. [25] , given by: 

u = 

1 √ 

2 NSA 

√ 

V ar { u 1 ( ROI ) − u 2 ( ROI ) } , (2) 

here NSA is the number of signal averages, factor 2 arises from 

he subtraction of two sets of data, and u indicates the same ve- 

ocity component in each data set. 
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Fig. 3. Overall flow characteristics and five critical planes around the condenser. (a) 

Streamlines showing the flows inside and outside of the machine room. The color 

indicates the velocity magnitude. (b) Turbulent kinetic energy field of the reference 

model visualized by the isosurface of TKE ranging from 0.2 to 1.2 J/m 

3 . (c) The 

enlarged 3D geometry with five different planes for the reference model. Planes 1 

and 2 are the xz-plane, plane 3 is the xy-plane, and planes 4 and 5 are the yz- 

plane. Each plane is located at y = 255 mm, y = 280 mm, z = 60 mm, x = 118 mm, 

and x = 67 mm, respectively. 

m

m

t

g
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u

Fig. 4. Detailed flow characteristics at the five representative planes of the refer- 

ence model. TKE contour on (a) plane 1 in the xz-plane at y = 255 mm, (b) plane 

2 in the xz-plane at y = 280 mm, and (c) plane 3 in the xy-plane at z = 60 mm. 

Each contains the neighborhood geometry and the essential flow features. Velocity 

vector contour on (d) plane 4 in the yz-plane at x = 118 mm, and (e) plane 5 in 

the yz-plane at x = 67 mm. 
Besides the mean velocity, turbulence kinetic energy was also 

easured using Dyverfeldt’s theory [ 26 , 27 ], which involves esti- 

ating the turbulence intensity through the signal magnitude ra- 

io between the reference scan, S(0), without applying the bipolar 

radient pulse and the scan, S( k v ), with the bipolar gradient pulse. 

he turbulence intensity in one direction, ū ′ 
i 
, is calculated using the 

ollowing equation: 

¯
 

′ 
i = 

√ 

2 ln 

(
S ( 0 ) 
S ( k v ) 

)
k 2 v 

(3) 
4 
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Table 2 

MRI scan parameters. 

Mean velocity TKE 

Scan mode 3D 3D 

Slice orientation Coronal Coronal 

FOV [mm] 360 × 1 76 × 130 360 × 1 76 × 130 

Voxel size [mm] 0 . 5 × 0 . 5 × 0.5 1.0 × 1.0 × 1.0 

TR, TE [ms] 5.5, 3.0 7.1, 3.4 

VENC [cm/s] 20 7 

Flip angle 15 15 

NSA 4 15 

Flow compensation on off

Pump condition off/on/on/off on/on 

Total scan duration [hour] 3 4 

Table 3 

Flow conditions. 

Target 

value 

Reference model 

(relative error) 

Improved model 

(relative error) 

Temperature [ °C] –

Thermocouple 

20.0 20.1 (0.5%) 20.2 (1.0%) 

Flowrate 

[LPM] 

Flowmeter 13.2 13.2 ( < 0.8%) 13.3 (0.8%) 

MRV (Inlet total) 13.2 ( < 0.8%) 13.4 (1.5%) 

MRV (Outlet total) 13.4 (1.5%) 13.5 (2.3%) 
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Table 4 

The measurement uncertainty of mean velocity in the two models. 

σu [cm/s] σu /V ENC [%] 

Reference model V x 0.25 1.3 

V y 0.27 1.4 

V z 0.23 1.2 

Improved model V x 0.25 1.3 

V y 0.29 1.5 

V z 0.21 1.1 

Table 5 

Fractions of area and flowrate for each inlet and outlet. 

Reference model Improved model 

Area Flowrate Area Flowrate 

Inlet 1 0.38 0.51 0.65 0.59 

Inlet 2 0.50 0.41 0.31 0.40 

Inlet 3 0.08 0.06 – –

Inlet 4 0.04 0.02 0.04 0.01 

Total 1.00 1.00 1.00 1.00 

Outlet 1 0.29 0.38 0.39 0.48 

Outlet 2 0.53 0.53 0.45 0.44 

Outlet 3 0.13 0.06 0.12 0.05 

Outlet 4 0.02 0.01 0.01 0.01 

Outlet 5 0.03 0.02 0.03 0.02 

Total 1.00 1.00 1.00 1.00 
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here k v is the flow sensitivity calculated by π /VENC. The value 

f VENC affects the sensitivity of turbulence intensity, with the 

est sensitivity attained at u ′ 
i 

= VENC / π , corresponding to a sig- 

al magnitude ratio S(k v )/S(0) of e −1/2 [26] . For TKE measurement, 

ENC was set to 7 cm/s. The spatial resolution was 1 mm isotropic, 

nd the repetition and echo times were set to a minimum of 7.1 ms 

nd 3.4 ms, respectively. The NSA was raised to 15, and measure- 

ents were taken twice with the flow-on. TKE was then calculated 

sing the equation: 

KE = 

1 

2 

ρ
(

u 

′ 
1 
u 

′ 
1 

+ u 

′ 
2 
u 

′ 
2 

+ u 

′ 
3 
u 

′ 
3 

)
. (4) 

here ρ is the fluid density. The detailed MRI parameters for mean 

elocity and TKE measurements are summarized in Table 2 . 

The raw data measured by MRV was extracted using the Pack’n 

o tool (Gyrotool LLC, Zurich, Switzerland). Due to non-linear ef- 

ects of the imaging gradients in MRI scanners, distortion increases 

s the measured point moves away from the center, particularly in 

arge FOVs. To correct for these distortions, the collected data were 

econstructed using ReconFrame (Gyrotool LLC, Zurich, Switzer- 

and). The collected data is in the form of a matrix, which in- 

ludes 3D coordinate values, velocity, and TKE for each voxel. Fur- 

her analysis such as averaging, setting a threshold, and drawing 

lots were performed using Matlab (R2022b, Mathworks, USA). Ad- 

itionally, we utilized Paraview (Kitware, USA) to visualize the an- 

lyzed results, such as streamlines and TKE isosurfaces. 

. Results and discussion 

.1. Validation of MRV flow conditions 

Table 3 displays the target values of temperature and flowrate 

equired to achieve Reynolds similarity, as well as the estimated 

alues obtained from MRV results for the reference and improved 

odels. To measure the flow conditions at the test section inlet, 

 K-type thermocouple (Omega Engineering, USA) was installed 

n the reservoir. Additionally, an electromagnetic flowmeter (KTM- 

00, Korea Flowmeter, Korea) was placed in the middle of the flow 

ircuit. The average temperature of the working fluid during the 

can time was 20 ±1 ◦C for both the reference and improved mod- 

ls, and remained stable throughout the experiment, ensuring the 

ccuracy and consistency of measurements. The average flowrate 
5 
easured by the electromagnetic flowmeter was 13.2 ±0.2 LPM and 

3.3 ±0.2 LPM for the reference and improved models, respectively, 

hich is close to the target flowrate of 13.2 LPM. The accuracy 

f the MRV measurements was verified by comparing the flowrate 

btained from MRV and flowmeter. As presented in Table 3 , the to- 

al inlet and outlet flowrates of the reference model (13.2 ±0.7 LPM 

nd 13.4 ±0.7 LPM, respectively) exhibited negligible discrepancy 

ompared to the flowmeter measurement values. Similarly, for the 

mproved model, the inlet flowrate was 13.4 ± 0.7 LPM, and the 

utlet flowrate was 13.5 ± 0.7 LPM, indicating that the configured 

losed-loop flow circuit effectively im plemented the target temper- 

ture and flowrate and that the MRV experiments were conducted 

ith precision. 

Table 4 shows the measurement uncertainty of each component 

f the mean velocity in both models. The V y component exhibited 

elatively larger uncertainty values in both models, primarily due 

o its larger velocity values. Nonetheless, the uncertainties for each 

elocity component did not show significant changes and remained 

ithin 1.5% of the VENC, which is comparable to the results of the 

RV challenge [ 28 , 29 ]. Therefore, these uncertainties can be con- 

idered negligible. 

.2. Flow characteristics of reference model 

To gain insight into the overall flow characteristics, three- 

imensional streamlines were plotted in the test section and pre- 

ented in Fig. 3 a. The velocity magnitude ranging from 0 to 14 cm/s 

as represented by the color of the streamline. The experimen- 

al setup involved the flow entering the machine room on the 

ight side, passing through internal components such as the con- 

enser, fan, and compressor, and exiting through the outlets on 

he left side. MRV technology enabled 3D measurements of the 

ow around the machine room model, including the bent flow up- 

tream and downstream of the inlets and outlets. The experimen- 

al setup was designed to simulate the flow of a refrigerator lo- 

ated in a kitchen, which resulted in narrow passes and bends. 

he flow rate passing through each inlet and outlet was propor- 

ional to its individual area, as presented in Table 5 . The stream- 

ines in Fig. 3 a represent the characteristics of the main flow of 
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Fig. 5. Comparison of the machine room structures between the reference and improved models. (a) Top view of the flow-blocking pillar displacement, (b) relocation of 

the refrigerant pipe, (c) three shape changes made to inlet 2, (d) removal of inlet 3 at the bottom panel, (e) change in the grille direction of inlet 1 and outlet 1, and (f) 

enlargement of the area of inlet 1 and outlet 1. Red dotted boxes are included for convenient size comparison. 
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he machine room. The guide vanes directing the flow towards the 

an caused most of the flow entering inlet 2 on the back panel to 

ypass or pass the left-hand side of the condenser. Although a sta- 

ionary fan was used, the wake of the fan resulted in a complex 

ow field due to the fan blades. The compressor’s rounded shape 

nsured uniform and smooth streamlines around the compressor. 

urther details will be discussed with Fig. 4 . Overall, the MRV ex- 

erimental setup allowed for a detailed understanding of the flow 

haracteristics around the machine room. 
6 
The experimental setup also included independent measure- 

ent of TKE in addition to 3D flow velocity. Fig. 3 b presents the 

KE field of the reference model, visualized by the isosurface of 

KE ranging from 0.2 to 1.2 J/m 

3 . Significant variations in the TKE 

eld were observed in some regions of the machine room. Due to 

he narrow passage through the condenser and the complex con- 

guration of the machine room inlets, a high TKE was measured 

round the condenser. The highest TKE levels were found after the 

uide vane of inlet 2 on the left side of the condenser. In contrast, 



H. Dong, C. Im, C. Kang et al. International Journal of Heat and Mass Transfer 214 (2023) 124 4 46 

Fig. 6. Detailed flow characteristics at the five representative planes of the im- 

proved model. TKE contour on (a) plane 1 in the xz-plane at y = 255 mm, (b) plane 

2 in the xz-plane at y = 280 mm, and (c) plane 3 in the xy-plane at z = 60 mm. 

Each contains the neighborhood geometry and the essential flow features. Velocity 

vector contour on (d) plane 4 in the yz-plane at x = 118 mm, and (e) plane 5 in 

the yz-plane at x = 67 mm. (f) 3D streamline plot showing the flows inside and 

outside of the machine room. The color represents the velocity magnitude, and red 

lines indicate the location of the condenser. 

Fig. 7. Ratio of effective flowrate of the reference model to improved model passing 

through the condenser along the Y-axis. 
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7

he surrounding area of the compressor exhibited a TKE level of 

ess than 0.2 J/m 

3 due to its large size and smooth shape. 

In order to understand the details of flow characteristics in- 

ide the reference model, five representative planes were selected 

n regions where the streamlines were complex and the TKE was 

igh, as depicted in Fig. 3 c. The TKE or mean velocity vector con- 

ours of the five planes are shown in Fig. 4 . First, Fig. 4 a shows

he TKE contour of the plane 1 across the flow-blocking pillar and 

ondenser. The pillar width is smaller than the condenser width 

see the red block of Fig. 5 ) and there are small gaps between

hem causing a locally sudden contraction of the flow area. Con- 

equently, these resulted in a local rapid flow and high TKE dis- 

ribution. Fig. 4 b shows the effects of the refrigerant pipe located 

n front of the condenser (plane 2). The refrigerant pipes partially 

isrupted the flow entering from inlet 2 on the rear panel and gen- 

rated a high level of TKEs downstream of the pipes. Fig. 4 c (plane

) indicates the increase in TKE due to the strut located in the 

enter of inlet 2. The strut created a recirculation zone and shear 

ayer downstream, which was found to generate high TKE levels. 

he velocity vector contour (plane 4) for the flow above inlet 3 lo- 

ated on the bottom of the machine room shows that the flow was 

locked and became unnecessarily complicated by the structure lo- 

ated under the condenser as shown in Fig. 4 d. Fig. 4 e exhibits the

entral flow field (plane 5) coming from inlet 1. Due to the angle 

f the grille of inlet 1 facing upwards, the flow towards the con- 

enser was dispersed upwards, causing a secondary flow to occur 

t the upper zone. 

.3. Structure improvements 

Based on the analysis of flow characteristics in the machine 

oom, suggested improvements to the internal structure are pre- 

ented in Fig. 5 . The proposed modifications aim to enhance flow 

niformity and increase flow rate through the condenser while 

educing TKE, resulting in improved energy efficiency and lower 

ow-induced noise. The suggested changes are limited to modifi- 

ations that can be easily applied to the manufacturing process of 

he machine room. The left column of Fig. 5 shows the reference 

odel, while the right column demonstrates the improved model. 

everal modifications were proposed, as follows. Firstly, the posi- 
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Fig. 8. (a) Turbulent kinetic energy field of the improved model visualized by the isosurface of TKE ranging from 0.2 to 1.2 J/m 

3 . (b) Comparison of the number of voxels 

with TKE values ranging from 0.2 to 1.2 J/m 

3 between the reference and improved models. The reduction ratio represents the ratio of the number of voxels in the improved 

model to that of the reference model. (c) 2D flow profile and result of flow uniformity index at the cross-section located before flow entering the condenser. 

8 
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ion of the flow-blocking pillar (red) was moved slightly upstream 

o better block the flow from inlet 2 directed towards the left-hand 

ide of the condenser ( Fig. 5 a). Secondly, the refrigerant pipes were 

elocated to the edge of the condenser to prevent interference from 

he inlet flows ( Fig. 5 b). Thirdly, changes were made to inlet 2 in

ig. 5 c, which involved reducing the number of grills (removing the 

eft-hand side grills) to direct more flow towards the condenser 

ront, removing the middle strut by changing the two-stage inlet 

o one-stage to reduce unnecessary high TKE behind it, and elim- 

nating the guide vanes that previously forced the incoming flow 

o the left. Furthermore, inlet 3 was closed as shown in Fig. 5 d be-

ause it had negligible positive effects on the flow characteristics 

n the machine room. Finally, to make the internal flow more uni- 

orm through the condenser, fan, and compressor, the direction of 

he inlet 1 and outlet 1 grill located on the side panel was changed

o a horizontal direction, and the area was increased by 60% each 

 Fig. 5 e and 5 f). 

.4. Flow characteristic comparison of reference and improved models 

The proposed shape modifications for the improved model were 

abricated, and mean velocity and TKE were measured using MRV. 

able 5 presents a comparison of flowrate fraction between the ref- 

rence and improved models. The results showed that the flowrate 

ntering from inlet 1 increased from 51% in the reference model 

o 59% in the improved model, while the flowrate entering from 

nlet 2 slightly decreased from 41% to 40% of the total flowrate. 

hese changes were attributed to the increased area of inlet 1, 

ecreased area of inlet 2, and closure of inlet 3. Additionally, the 

owrate exiting through outlet 1 increased from 38% to 48%, while 

he flowrate exiting through outlet 2 decreased from 53% to 44% 

n the same manner as the inlets. 

Fig. 6 provides a detailed analysis of the flow behavior in the 

mproved model, with TKE contour or velocity vector contour plot- 

ed for five planes. The results show that the relocation of the 

ow-blocking pillar ( Fig. 5 a) had a significant impact on the flow 

ntering from inlet 2, leading to the elimination of a bypass flow 

nd rapid flow bend between the condenser and the rear panel 

 Fig. 6 a). This resulted in a significant decrease in TKE compared 

o the reference model. The relocation of the refrigerant pipe and 

he removal of the middle strut in inlet 2 ( Fig. 5 b and 5 c) further

educed the peak TKE values in both cases, as exhibited in Fig. 6 b

nd 6 c. The removal of inlet 3 ( Fig. 6 d) resulted in a more sta-

le flow distribution under the condenser. Additionally, changing 

he grille angle of inlet 1 to be horizontal and increasing its area 

y 60% ( Fig. 6 e) resulted in a uniform horizontal flow entering the 

ondenser and eliminated the secondary flow that occurred in the 

pper zone. Additionally, the average velocity of the entering flow 

ncreases to 3.6 cm/s compared to 2.7 cm/s of the reference model. 

he overall flow behavior in the improved model is further con- 

rmed by the velocity streamlines plotted in Fig. 6 f. It is evident 

hat a significant portion of the flow entered through inlet 2 passes 

hrough the condenser. 

To compare the performance of the reference and improved 

odels, the throughput ratio of the two model condensers was 

nalyzed. Note that the red line indicates the condenser in 

ig. 6 f. The ratio of effective flowrate, defined as the ratio of 

owrate through the condenser to the total flowrate, was calcu- 

ated to confirm the performance of the improved model. This was 

chieved by analyzing the ratio between the downstream plane 

 y = 243 mm) and the upstream plane ( y = 273 mm) of the con-

enser. Fig. 7 compares the effective flowrate ratio and shows that 

he reference model had an average of 63% in the given range. 

n contrast, the improved model exhibited an average effective 

owrate of 74%, which is approximately 17% higher than the ref- 

rence model. These results indicate that the increased flowrate 
9 
hrough the condenser in the improved model is likely to lead to 

 decrease in the RPM of the fan under the same cooling perfor- 

ance. This, in turn, will result in improved energy efficiency and 

educed noise caused by the fan. These implications are impor- 

ant for practical applications of the cooling system, and the results 

emonstrate the effectiveness of the proposed modifications to the 

nternal structure of the machine room. 

Fig. 8 a displays the TKE isosurface of a range of 0.2 through 

.2 J/m 

3 inside the machine room of the improved model. Com- 

ared to the reference model in Fig. 3 b, the isosurface in the im- 

roved model is significantly reduced, indicating an increase in 

verall flow uniformity. Fig. 8 b provides a quantitative comparison 

f the number of voxels in each given range of TKE between the 

wo models, as well as the reduction ratio in the number of vox- 

ls. The results demonstrate that the number of voxels in the im- 

roved model with a TKE range of 0.2 to 0.4 J/m 

3 is approximately 

6% lower than in the reference model. Additionally, the number of 

oxels with higher TKE values decreases significantly by 77%, par- 

icularly in the TKE range of 1.0 to 1.2 J/m 

3 . These findings sug- 

est that the proposed modifications to the internal structure of 

he machine room have effectively improved flow uniformity and 

educed TKE, which could lead to improved energy efficiency and 

educed noise caused by the fan. Furthermore, the configuration 

f the improved model is likely to lead to reduced turbulence- 

nduced noise, which is an important consideration for practical 

pplications of the cooling system. 

The 2D flow profiles were created for both models at the cross- 

ection of y = 274 mm, located before entering the condenser for 

oth models, as shown in Fig. 8c. The black arrows on the 2D flow 

rofile represent velocity vectors at each voxel. It is clear that the 

mproved model has a more uniform flow distribution than the ref- 

rence model. The flow uniformity index, a dimensionless parame- 

er used to quantify the uniformity of fluid flow distribution across 

 given area of surface, is defined as follows: 

= 1 − 1 

2 

n ∑ 

i =1 

∣∣∣∣V i − V a v g 

V a v g 

∣∣∣∣ · A i 

A tot 
(5) 

here V i represents the local velocity in the i th voxel, V a v g is 

he average velocity, A i denotes the area of the i th voxel, A tot is

he cross-section area, and n indicates the number of voxels in 

he cross-section. A flow uniformity index closer to 1 indicates a 

ighly uniform flow distribution. The results indicate that the pro- 

osed structural modifications enhanced the flow uniformity, γ , 

rom 0.73 in the reference model to 0.86 in the improved model, 

eading to improved energy efficiency. 

. Conclusions 

This study used MRV to measure mean velocity and TKE in a re- 

rigerator machine room to increase entering flow uniformity into 

he condenser and decrease flow-induced noise. The MRV mea- 

urement was validated by comparing with an electromagnetic 

owmeter, showing less than 2% error. The study identified shape 

actors causing flow non-uniformity and high TKE and proposed 

hape improvements for machine room design. Compared to the 

eference model, the improved model increased flowrate through 

he condenser by 17.3% and reduced TKE by over 80% in regions 

igher than 1.0 J/m 

3 which can lead to improved energy efficiency 

nd reduced flow-induced noise. Further research is needed to de- 

ermine actual noise reduction, but MRV provides useful flow char- 

cteristics for CFD verification. It is worth noting that MRV is ca- 

able of measuring all three components of velocity vectors in 3D 

pace. Future research can analyze fan noise, and MRV can be ap- 

lied to models with built-in fans. 
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