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Abstract: For the cabinet equipment used in warships, an environmental test that satisfies the MIL-STD-810G standard must be 

performed. In high-temperature operating tests, thermal design is an important factor because cabinet equipment is operated at high 

ambient temperatures. In this environment, water cooling is used to ensure the heat dissipation stability of the equipment. In water 

cooling, cooling water is supplied to the heat exchanger from the outside, and heat from the air inside the equipment is released 

through the cooling water. In this study, a process for predicting the thermal performance of water-cooled cabinets is established 

through numerical analysis. The performance of a heat exchanger is predicted using a computational fluid dynamics method and 

verified experimentally. In addition, the effectiveness changes of a fin-tube heat exchanger with a single pipe are studied based on the 

direction and flow rate of the cooling water. Using the calculated effectiveness of the heat exchanger, the operating environment of 

the rack equipment inside the water-cooled cabinet is predicted. 
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1. Introduction
Modern warships use equipment with functions for surveil-

lance, reconnaissance, communication, attack, and defense. To 

perform various tasks, high-performance computers perform a 

large amount of computations, and these computers are installed 

in the cabinet equipment in a dense state. For the cabinets used 

for military purposes, environmental tests that satisfy the MIL-

STD-810G specifications should be performed. In high-

temperature operating tests, thermal design is an important fac-

tor because the equipment is operated at high ambient tempera-

tures. Air cooling and water cooling are used to dissipate heat 

inside the cabinet. In air-cooled equipment, the air flowing into 

the equipment is discharged along with heat. In water-cooled 

cabinets, the internal equipment operates in an enclosed space. 

Heat transfer is performed between the internal air and the cool-

ing water through a heat exchanger. Furthermore, heat transfer 

is performed with a large difference in heat capacity between 

the air and cooling water. In the conditions above, a fin-tube 

heat exchanger is mainly used. 

Studies on fin-tube heat exchangers have used numerical 

methods. Liu et al. [1] changed the horizontal pitch, flow gen-

erator position, and protuberance of a tube surface for a plain-

type fin-tube heat exchanger to investigate the heat transfer and 

pressure drop characteristics. Kim et al. [2] investigated heat 

transfer and pressure drop characteristics based on the change in 

channel spacing of a plate-type heat exchanger. Yoo et al. [3] 

investigated a fin-tube type heat exchanger using tubes that 

changed based on elliptical shapes.  

Studies on water-cooled cabinets have also used numerical 

methods. Kim et al. [4] investigated heat dissipation perfor-

mance by calculating the heat flux of the heat exchanger of a 

water-cooled cabinet through trial and error. Choi et al. [5] se-

lected a fan and estimated the heat dissipation performance by 

estimating the airflow required by an air-cooled cabinet. Na et 

al. [6] investigated heat dissipation performance by obtaining 

the heat transfer area of the heat exchanger of a water-cooled 
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cabinet using the effectiveness–number of transfer units (NTU) 

method. 

In this study, the design process of a water-cooled cabinet 

was investigated analytically by predicting the performance of a 

fin-tube heat exchanger and determining the heat dissipation 

stability of a water-cooled cabinet. The design process of a 

water-cooled cabinet is described below.  

First, the effectiveness was predicted by performing a fluid 

flow analysis with a fin-tube type heat exchanger using a single 

tube, such as FLUENT.  

Second, the predicted effectiveness of the heat exchanger was 

compared and verified with the results of the heat exchanger 

performance test. In addition, the effectiveness of the heat ex-

changer was analyzed based on changes in the flow rate and the 

flow type of the cooling water. 

Third, the heat exchanger with identified performance was 

transformed into a simplified analytical model using a heat 

exchanger model in ICEPAK. 

Finally, thermal analysis was performed to determine the heat 

dissipation stability of the water-cooled cabinet by verifying the 

operating environment of the internal rack equipment. In addi-

tion, the operating environment, which depended on the change 

in the ambient temperature, was identified. 

2. Fin-tube heat exchanger and heat dissipation

design of water-cooled cabinet 

2.1 Fin-Tube Heat Exchanger 
The heat exchanger used in this study is a fin-tube type heat 

exchanger, as shown in Figure 1. The heat exchanger is 65 mm 

wide, 51 mm high, and 390 mm long. 

Figure 1: Fin-tube heat exchanger 

A flat fin that is 0.1 mm thick and made of aluminum is used. 

The fin spacing is 1.5 mm, and the tube is arranged in a stag-

gered manner in four columns and three rows. The tube used is 

a single tube, not a multitube. This enables the cooling water to 

flow through a single tube and gradually gather heat from the 

air. The tube is made of copper, and its outer and inner diame-

ters are 7 and 6 mm, respectively. 

2.2 Heat dissipation design of water-cooled cabinet 
Typical methods of heat dissipation in a cabinet include air 

cooling and water cooling. Air cooling is a method wherein the 

heat generated inside is released through the inflow of air from 

the outside. The minimum temperature of the parts inside the 

equipment becomes the ambient air temperature because the 

heat of the internal part is replaced by the external air. Conse-

quently, the equipment’s internal parts operate in high ambient 

temperatures. In a water-cooled cabinet, heat dissipation occurs 

without outside air. As the air inside the equipment circulates, 

heat is transferred to the cooling water of the heat exchanger as 

well to the outside of the cabinet through the cooling water. 

The water-cooled cabinets used in this study are equipped 

with cooling devices on both sides. The cooling system com-

prises a flow path through which internal air can flow and a heat 

exchanger that discharges heat generated by a 19-inch rack 

equipment into the cooling water. The heat inside the equipment 

is transferred to the heat exchanger by forming an internal flow 

using a fan. The flow path of the internal air as observed from 

the top of the cabinet is shown in Figure 2. 

Figure 2: Heat transfer of water-cooled cabinet 

2.2 Process for predicting heat dissipation performance of 

water-cooled cabinet 

In this study, the process shown in Figure 3 was performed 

to predict the heat dissipation performance of the water-cooled 
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cabinet. 

The first step is creating an analytical model of the designed 

heat exchanger and performing a heat exchanger performance 

analysis under the expected air and cooling water. 

The second step is manufacturing the heat exchanger after 

verifying that the performance of the heat exchanger above 

satisfies the target value, in addition to performing a heat ex-

changer performance test to predict the actual heat exchanger 

performance. 

The third step is creating a simplified analytical model of the 

heat exchanger. When a single heat exchanger is analyzed, fluid 

flow analysis is performed using many grids by implementing 

the complex fins and tubes of the heat exchanger. When this 

method is used for fluid flow analysis, accurate analysis results 

can be obtained but the calculation is time-consuming. When 

the heat dissipation is calculated at the cabinet level, if all the 

heat exchangers are implemented to perform the calculation, 

then more computational resources will be used than necessary. 

To reduce computing resources, a simplified heat exchanger 

analysis model must be applied. 

The fourth step involves applying a simplified heat exchanger 

analysis model to create an analytical cabinet model. 

The fifth step is to perform thermal analysis at the cabinet 

level under the conditions in which the equipment is expected to 

operate. 

Figure 3: Process for predicting heat dissipation performance 

of water-cooled cabinet 

3. Prediction of heat exchange performance at

the single heat exchanger level 

3.1 Theory 

The effectiveness of the heat exchanger refers to the ratio of 

the maximum possible heat transfer rate to the actual heat trans-

fer rate, as shown in Equation (1).  

Here, ε is the effectiveness, 𝑞𝑞 is the actual heat transfer rate, 

𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚  is the maximum possible heat transfer rate, 𝐶𝐶ℎ  is the 

thermal capacity of a hot fluid, 𝐶𝐶𝑐𝑐is the thermal capacity of a 

cold fluid, and 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 denotes the smaller thermal capacity be-

tween the two fluids. 

ε =  𝑞𝑞
𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚

ε =  𝐶𝐶ℎ(𝑇𝑇ℎ,𝑖𝑖−𝑇𝑇ℎ,𝑜𝑜)
𝐶𝐶𝑚𝑚𝑖𝑖𝑚𝑚(𝑇𝑇ℎ,𝑖𝑖−𝑇𝑇𝑐𝑐,𝑖𝑖)

= 𝐶𝐶𝑐𝑐(𝑇𝑇ℎ,𝑖𝑖−𝑇𝑇ℎ,𝑜𝑜)
𝐶𝐶𝑚𝑚𝑖𝑖𝑚𝑚(𝑇𝑇ℎ,𝑖𝑖−𝑇𝑇𝑐𝑐,𝑖𝑖)

  (1) 

The heat transfer rate can be defined as shown in Equation 

(2) when the effectiveness and inlet temperature of both fluids 

are provided. 

q =  ε𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇ℎ,𝑚𝑚 − 𝑇𝑇𝑐𝑐,𝑚𝑚)   (2) 

Both experimental and analytical methods can be used to ver-

ify the performances of heat exchangers. The experimental 

method is used to verify the performance of the heat exchanger 

by measuring the temperature, humidity, and pressure of two 

fluids through a calorimeter installed inside a temperature and 

humidity chamber. 

When an analytical method is applied to a complex heat ex-

changer, the flow problem can be solved and verified directly 

via computational fluid dynamics (CFD). For simple heat ex-

changers, the effectiveness–NTU method or log mean tempera-

ture difference (LMTD) method is used [7]. 

LMTD is a method for determining the heat transfer area 

based on the mass flow rate as well as the inlet and outlet tem-

peratures of two fluids when the type of heat exchanger is de-

fined. The heat transfer rate of the heat exchanger can be de-

fined as shown in Equation (3). Here, U is the coefficient of 

heat transmission, A is the heat transfer area, and ∆𝑇𝑇𝑚𝑚  is the 

mean temperature difference.  

q =  UA∆𝑇𝑇𝑚𝑚   (3) 

The mean temperature difference depends on the location of 

the heat exchanger; therefore, the appropriate form of the mean 

temperature difference should be defined, e.g., that as shown in 
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Equation (4). Here, ∆𝑇𝑇𝑙𝑙𝑚𝑚 is the LMTD, and 𝐹𝐹 is the correction 

factor. 

∆𝑇𝑇𝑚𝑚 = 𝐹𝐹∆𝑇𝑇𝑙𝑙𝑚𝑚 = 𝐹𝐹 ∆𝑇𝑇2−∆𝑇𝑇1
ln(∆𝑇𝑇2/∆𝑇𝑇1)

= 𝐹𝐹 ∆𝑇𝑇1−∆𝑇𝑇2
ln(∆𝑇𝑇1/∆𝑇𝑇2)

  (4) 

In parallel flow heat exchangers, the temperature difference 

between two ends can be defined as shown in Equation (5). 

Here,  h represents the hot fluid, c the cold fluid, i the entrance, 

and o the exit.  

∆𝑇𝑇1 = 𝑇𝑇ℎ,𝑚𝑚 − 𝑇𝑇𝑐𝑐,𝑚𝑚    

∆𝑇𝑇2 = 𝑇𝑇ℎ,𝑜𝑜 − 𝑇𝑇𝑐𝑐,𝑜𝑜   (5) 

In a counter flow heat exchanger, the temperature difference 

between two ends can be defined as shown in Equation (6). 

∆𝑇𝑇1 = 𝑇𝑇ℎ,𝑚𝑚 − 𝑇𝑇𝑐𝑐,𝑜𝑜  

∆𝑇𝑇2 = 𝑇𝑇ℎ,𝑜𝑜 − 𝑇𝑇𝑐𝑐,𝑚𝑚     (6) 

The correction factor depends on the type of heat exchanger 

and the temperature of the inlet and exit of the two fluids in 

which heat transfer occurs. In general, the correction factor has 

a value smaller than 1. The value is approximately 1 if the heat 

transfer is concentrated, e.g., in a high-density heat exchanger, 

or if parallel flow or counter flow occurs in most areas when 

heat transfer occurs between the two media. 

The effectiveness–NTU method yields the effectiveness as 

function of the NTU and heat capacity ratio, 𝐶𝐶𝑟𝑟. 

𝜀𝜀 = 𝑓𝑓(𝑁𝑁𝑇𝑇𝑁𝑁,𝐶𝐶𝑟𝑟) 

𝑁𝑁𝑇𝑇𝑁𝑁 =  𝑈𝑈𝑈𝑈
𝐶𝐶𝑚𝑚𝑖𝑖𝑚𝑚

𝐶𝐶𝑟𝑟 =  𝐶𝐶𝑚𝑚𝑖𝑖𝑚𝑚

𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚
  (7) 

In the effectiveness–NTU method, the parallel flow heat ex-

changer satisfies Equation (8). 

𝜀𝜀 = 1−𝑒𝑒−𝑁𝑁𝑁𝑁𝑁𝑁(1+𝐶𝐶𝑟𝑟)

1+𝐶𝐶𝑟𝑟
          (8) 

The counter flow heat exchanger satisfies Equation (9). 

𝜀𝜀 = 1−𝑒𝑒−𝑁𝑁𝑁𝑁𝑁𝑁(1−𝐶𝐶𝑟𝑟)

1−𝐶𝐶𝑟𝑟𝑒𝑒−𝑁𝑁𝑁𝑁𝑁𝑁(1−𝐶𝐶𝑟𝑟)     (9) 

If both fluids are non-mixed, then the cross flow heat ex-

changer satisfies Equation (10). 

𝜀𝜀 = 1 − 𝑒𝑒[� 1𝑐𝑐𝑟𝑟
�𝑁𝑁𝑇𝑇𝑈𝑈0.22�𝑒𝑒�−𝐶𝐶𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁0.78�−1�]   (10) 

3.2 Flow type of heat exchanger 

The flow type of a fin-tube heat exchanger with a single tube 

can be assumed to be either a macroscopic or microscopic flow. 

The macroscopic flow type can be divided into the parallel 

and counter flows from the viewpoint of temperature difference. 

If hot air encounters low-temperature cooling water and begins 

transferring heat with a large temperature difference, then a 

parallel flow is assumed. If hot air encounters high-temperature 

cooling water and begins transferring heat with relatively small 

temperature differences, then a counter flow is assumed. Each 

flow type is shown in Figure 4. 

The microscopic flow type can be assumed to be a cross flow. 

This is because the fins and tubes are arranged orthogonally.  

(1) Parallel flow 

(2) Counter flow 

Figure 4: Flow type of fin-tube heat exchanger 

3.3 Operating conditions of heat exchanger 

The expected operating conditions of the heat exchanger 

when it is operated are an air temperature of 50 °C and flow rate 

of 1.5 CMM (m3/min). The temperature of the cooling water 

that can be supplied to the heat exchanger is 10 °C, and the flow 

rate is 50 LPH (L/h). 
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In addition, six operating conditions were set (as shown in 

Table 1) to verify the performance based on changes in the flow 

rate and flow type of the cooling water. The flow rate of the 

cooling water was changed to 50, 80, and 125 LPH, and the 

flow type was either parallel or counter flow. 

Table 1: Conditions for heat exchanger performance test 

Case Flow rate of Air  
[CMM] 

Flow rate of Water  
[LPH] Flow type 

50-P 1.5 50 Parallel 
80-P 1.5 80 Parallel 
125-P 1.5 125 Parallel 
50-C 1.5 50 Counter 
80-C 1.5 80 Counter 

125-C 1.5 125 Counter 

3.4 Prediction of heat exchanger effectiveness using fluid 

flow analysis 

A fluid flow analysis of the heat exchanger was performed to 

predict the performance based on the operating conditions. The 

program used was FLUENT 18.2. The outlet temperature of the 

air and cooling water can be determined using fluid flow analy-

sis. Subsequently, they can be used to calculate the effectiveness 

of the heat exchanger. Modeling all parts of the heat exchanger 

will result in an excessive computing burden owing to the 

thickness of the thin fins and the narrow fin spacing. Addition-

ally, the quality of the grid will deteriorate. Hence, unnecessary 

parts were removed for fluid flow analysis, and the fins and 

tubes were simplified. The simplified analytical model was 

constructed as shown in Figure 5. 

Figure 5: Analysis model of fin-tube heat exchanger 

Generating a grid between the fins produced a relatively 

small grid, thereby reducing the quality of the grid in the border 

area of the fin. To solve this problem, a polyhedral grid was 

used. In addition, a boundary layer grid was created to calculate 

the flow between the fins. The total number of grids used was 

30.3 million. 

The turbulence model used was the realizable k–ɛ model, and 

the wall function used was the standard wall function. Mass 

flow inlet conditions were used for the air inlet and cooling 

water inlet boundary conditions, whereas pressure outlet condi-

tions were used as the exit boundary conditions. The wall con-

dition was used for the boundary condition of the fin and tube, 

and the shell conduction condition was used for the conductivi-

ty condition. Wall and insulation conditions were used as the 

boundary condition of the heat exchanger guide. Symmetry 

conditions were used on the side of the air area. 

3.5 Results of fluid flow analysis 

Figure 6: Temperature distribution of heat exchanger 

Figure 7: Temperature distribution between fins of heat exchanger 
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The fluid flow analysis results of the heat exchanger are shown 

in Figure 6. The outlet temperatures of the air and cooling water 

were derived from the fluid flow analysis results. Based on the 

temperature distribution between the fins, as shown in Figure 7, the 

temperature of the air decreased gradually and evenly while it 

passed through the heat exchanger. Figure 8 presents the velocity 

distribution between the fins of the heat exchanger. 

Figure 8: Velocity distribution between fins of heat exchanger 

Table 2: Outlet temperature and effectiveness of heat exchanger 

Case 
Outlet temperature 

[℃] Effectiveness 
(CFD) 

Air Water 
50-P 25.5 23.3 0.62 
80-P 22.0 19.5 0.71 

125-P 19.7 16.6 0.77 
50-C 21.6 25.8 0.72 
80-C 18.8 21.4 0.83 

125-C 16.8 17.8 0.89 

Table 3: Rate of heat transfer and average temperature difference 

Case 
Rate of heat transfer 

(q) 
[W] 

Average temperature 
difference (∆𝑇𝑇𝑚𝑚) 

[℃] 
50-P 769.4 13.0 
80-P 883.7 13.4 

125-P 963.4 14.3 
50-C 919.5 17.1 
80-C 1061.9 16.8 

125-C 1132.4 16.3 

Table 2 presents the effectiveness of the heat exchanger ob-

tained using Equation (1). As the flow rate of the cooling water 

increases, the effectiveness of the heat exchanger increases. In 

addition, the effectiveness of the counter flow is higher than 

that of parallel flow at the same cooling water flow rate. 

The counter flow is more efficient than the parallel flow be-

cause the mean temperature difference of the heat exchanger 

varies based on the flow type. To obtain the mean temperature 

difference of the fin-tube heat exchanger, the log mean tempera-

ture difference and the correction factor must be obtained. As-

suming that the fin-tube heat exchanger used in this study has a 

constant parallel or counter flow in most areas, the correction 

factor can be assumed to be 1. If the mean temperature differ-

ence is obtained using Equation (4), then the value is as shown 

in Table 3. At the same flow rate, the mean temperature differ-

ence of the counter flow is greater than that of the parallel flow. 

Therefore, if the cooling water is supplied in the counter flow, 

the effectiveness of heat exchanger is increased. When a water-

cooled cabinet is designed, it should be designed to provide 

cooling water to the counter flow.  

Table 4 shows the effectiveness obtained from CFD simula-

tions compared with those obtained using the effectiveness–

NTU method. 

Table 4: Efficiencies obtained using CFD and effectiveness–NTU 

methods 

Case Effectiveness 
(CFD) 

Effectiveness 
(Effectiveness NTU method) 

Parallel flow Counter 
flow Cross flow 

50-P 0.62 0.62 - 0.72 
80-P 0.71 0.70 - 0.80 
125-P 0.77 0.76 - 0.83 
50-C 0.72 - 0.72 0.68 
80-C 0.83 - 0.80 0.78 

125-C 0.89 - 0.85 0.83 

In Table 4, the effectiveness was assumed to be that of the 

macroscopic flow type (parallel and counter flow) rather than 

that of the microscopic flow type (cross flow) for the CFD 

method. The flow type of the fin-tube heat exchanger with a 

single tube was assumed to be macroscopic when using the 

effectiveness–NTU method. 

3.6 Heat exchanger performance test 

The heat exchanger was tested to verify its performance in an 

actual environment; subsequently, the results were compared 

with the results of fluid flow analysis. The heat exchanger per-

formance test required a temperature and humidity chamber, 

calorimeter, and chiller. The test configuration is shown in Fig-

ure 9. 

A temperature and humidity chamber is a device that main-
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tains a constant temperature and humidity of the air entering the 

heat exchanger. A calorimeter is a device that supplies a con-

stant air flow rate to the heat exchanger using a fan and 

measures the temperature and pressure of the air that passes 

through the heat exchanger. In this study, a heat exchanger was 

installed at the entrance of the calorimeter; subsequently, the 

temperature and flow rate of the air and cooling water were 

measured. The effectiveness of the heat exchanger was obtained 

using the temperature and flow rate of the air and cooling water 

measured from the test. 

Figure 9: Heat exchanger performance test 

3.7 Results of heat exchanger performance test 

The outlet temperatures of the air and cooling water meas-

ured from the heat exchanger performance test are shown in 

Table 5, and the temperature under each operating condition is 

shown in Figures 10–11 based on the change in the flow rate of 

the cooling water. The outlet temperature of the air measured 

from the heat exchanger performance test was higher than the 

analysis result. This is due to the poor insulation and sealing of 

the calorimeter during the test. However, the measured tempera-

ture of the cooling water with less impact from the external 

environment was similar to the analytical results. The effective-

ness obtained from the heat exchanger performance test was 

calculated based on the heat transfer rate of the cooling water. 

Table 5: Outlet temperature of heat exchanger 

Case 

CFD 
Outlet temperature 

[℃] 

Heat exchanger performance test 
Outlet temperature 

[℃] 
Air Water Air Water 

50-P 25.5 23.3 35.7 22.0 
80-P 22.0 19.5 34.2 18.7 

125-P 19.7 16.6 32.7 16.1 
50-C 21.6 25.8 32.9 24.0 
80-C 18.8 21.4 31.0 20.2 

125-C 16.8 17.8 29.8 17.0 

Figure 10: Outlet temperature of air 

Figure 11: Outlet temperature of water 

Figure 12: Effectiveness of heat exchanger 

Table 6: Effectiveness of heat exchanger 

Case 
Effectiveness 

Difference 
[%] CFD Heat exchanger 

performance test 
50-P 0.62 0.57 -8.1 
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80-P 0.71 0.65 -8.5 
125-P 0.77 0.70 -9.1 
50-C 0.72 0.64 -11.1 
80-C 0.83 0.74 -10.8 

125-C 0.89 0.80 -10.1 

A comparison of the efficiencies obtained from the fluid flow 

analysis and heat exchanger performance test is shown in Table 

6, and Figure 12 shows the effectiveness based on the flow type 

of the cooling water. 

The effectiveness measured from the test was lower than that 

from the fluid flow analysis. Because the fluid flow analysis was 

performed while assuming dry air, the effect due to the phase 

change of water vapor was disregarded. In the actual test, the water 

vapor phase changed, and condensation occurred on the fins and 

tubes. This condensation water interfered with the heat transfer of 

the heat exchanger and reduced the effectiveness of the heat ex-

changer. The test results for effectiveness of the parallel flow meas-

ured 8.1% to 9.15% higher, whereas those of the counter flow 

measured 10.1% to 11.1% higher compared with the CFD results. 

4. Prediction of heat dissipation performance at

cabinet level 
4.1 Theory 

To verify the operating environment of the internal equip-

ment of the cabinet, a thermal analysis of the cabinet was per-

formed. 

The analytical model of the heat exchanger was implemented 

using a heat exchanger analysis model provided by ICEPAK. 

The model required the pressure drop, cooling water average 

temperature, and heat transfer coefficient as input values. 

The test results (Case 50-C) of the heat exchanger perfor-

mance test were used to obtain the pressure drop, average tem-

perature of the cooling water, and heat transfer coefficient (h). 

Furthermore, the amount of pressure drop corresponding to the 

velocity of air passing through the heat exchanger was used. 

The average temperature of the cooling water was obtained 

using the measured cooling water temperature, and the heat 

transfer coefficient was obtained using Equation (11) below, 

where �̇�𝑚 is the mass flow rate of air, 𝐶𝐶𝑝𝑝 the specific heat of air, 

𝐴𝐴𝑐𝑐𝑐𝑐  the cross-sectional area of the heat exchanger, 𝑇𝑇𝑚𝑚𝑚𝑚𝑟𝑟,𝑢𝑢 the 

temperature of the air upstream of the heat exchanger, 𝑇𝑇𝑚𝑚𝑚𝑚𝑟𝑟,𝑑𝑑 the 

air temperature downstream of the heat exchanger, and 𝑇𝑇𝑒𝑒𝑚𝑚𝑒𝑒 the 

average temperature of the cooling water.  

q = �̇�𝑚𝐶𝐶𝑝𝑝(𝑇𝑇𝑚𝑚𝑖𝑖𝑟𝑟,𝑢𝑢−𝑇𝑇𝑚𝑚𝑖𝑖𝑟𝑟,𝑑𝑑)
𝑈𝑈𝑐𝑐𝑐𝑐

= ℎ(𝑇𝑇𝑚𝑚𝑚𝑚𝑟𝑟,𝑢𝑢 − 𝑇𝑇𝑒𝑒𝑚𝑚𝑒𝑒) 

h = �̇�𝑚𝐶𝐶𝑝𝑝(𝑇𝑇𝑚𝑚𝑖𝑖𝑟𝑟,𝑢𝑢−𝑇𝑇𝑚𝑚𝑖𝑖𝑟𝑟,𝑑𝑑)
𝑈𝑈𝑐𝑐𝑐𝑐(𝑇𝑇𝑚𝑚𝑖𝑖𝑟𝑟,𝑢𝑢−𝑇𝑇𝑒𝑒𝑚𝑚𝑒𝑒)

   (11) 

The average temperature of the cooling water was 15.59 °C, 

and the heat transfer coefficient was 2537.47 𝑊𝑊/𝐾𝐾𝑚𝑚2. 

4.2 Method for thermal analysis of water-cooled cabinet 

The water-cooled cabinet has a closed structure and discharg-

es the internal heat through a heat exchanger. The water-cooled 

cabinet measures 820 mm wide, 1800 mm high, and 1000 mm 

deep. The operation condition of the internal equipment was 

determined by balancing the heat transfers from the outside, 

internal equipment, and cooling water of the heat exchanger. No 

flow occurred outside the water-cooled cabinet except for heat 

transfer by natural convection.  

A value representative of the operating environment of the in-

ternal equipment is the air temperature introduced into the rack 

equipment. To predict this, a thermal analysis of the cabinet was 

performed. The program used was ICEPAK 17.2. 

Modeling all parts of the cabinet would result in excessive 

computing burden and a poor grid quality. Hence, the parts that 

were unnecessary for thermal analysis were deleted and simpli-

fied. The total number of grids used was 700,000. The analysis 

model is shown in Figure 13. 

Figure 13: Analysis model of cabinet 

The zero equation model was used in the turbulence model, 

and the radiation effect was minimal within operating tempera-
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ture; therefore, radiation was not applied. The water-cooled 

cabinet was modeled using cabinet models, and the opening 

conditions were used as the boundary conditions. For the fan 

generating an internal flow, the pressure drop used was based 

on the speed.  

To predict the operating environment of the internal rack 

equipment, thermal analyses were performed in both general 

and severe operating conditions. The ambient temperature was 

set to 25 °C and 50 °C for the general and severe operation 

conditions, respectively. 

4.3 Results of thermal analysis and reviews 

Based on the streamline of the internal flow, it was discov-

ered that hot air was evenly distributed to both side and passed 

through the heat exchanger. The air passing through the heat 

exchanger was cooled by the cooling water. An internal flow 

was formed based on the heat dissipation design, and the heat 

inside the cabinet was discharged smoothly through the heat 

exchanger. A streamline representing the internal flow is as 

shown in Figure 14.  

Figure 14: Internal flow of cabinet 

The average air temperature introduced into the internal rack 

equipment can determine the heat dissipation stability of the 

water-cooled cabinet. The temperature of the air entering the 

rack equipment is shown in Table 7. Temperature distribution 

ranges of 24.1 °C–24.7 °C and 25.7 °C–26.8 °C were formed in 

the general and severe operation conditions, respectively. It was 

discovered that the water-cooled cabinet guaranteed the heat 

dissipation stability. Under both conditions, the rack equipment 

can be operated in an environment similar to a room-

temperature environment. 

Table 7: Results based on operation condition 

Location 
Air temperature (Inlet of rack) [℃] 

General operating 
conditions (25℃) 

Severe operating 
conditions (50℃) 

Top 24.7 26.8 
Center 24.3 26.0 
Bottom 24.1 25.7 

Table 8: Heat transfer of cabinet 

Location 
Heat transfer of Cabinet [W] 

General operating 
conditions (25℃) 

Severe operating 
conditions (50℃) 

Inside 
(Rack) 3704.4 3704.4 

Heat 
exchanger -3623.9 -4076.8 

Outside 
(Air) -80.5 372.4 

The heat transfer in a water-cooled cabinet comprises three 

paths, as shown in Table 8. The first is the amount of heat dis-

sipation generated by the rack equipment inside the cabinet. The 

second is the amount of heat absorbed by the heat exchanger. 

The third is the heat transfer between the ambient air and the 

cabinet. Heat transfer between the ambient air and the cabinet is 

caused by a relative temperature difference between the ambient 

air and the air inside the cabinet. In severe operating conditions, 

heat enters from the outside to the inside, and vice versa under 

general operating conditions. When the difference in the ambi-

ent temperature was 25 °C, the heat transfer difference was 

452.9 W. The amount of heat transfer was 12.2% of the heat 

generated from the electronic components inside the rack 

equipment, i.e., a relatively small amount. Consequently, the 

difference in the air temperature introduced into the internal 

rack equipment was small compared with the difference in the 

ambient temperature. 

In an air-cooled cabinet, when the outside air temperature in-

creases, the temperature of the electronic components inside the 

rack increases proportionally. However, water-cooled cabinets 

are less affected by the ambient temperature. This feature guar-

antees heat dissipation stability when the operating rack equip-

ment is vulnerable to high ambient temperatures. 
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5. Conclusion
In this study, the performance of a heat exchanger was veri-

fied using analytical and experimental methods, and a water-

cooled cabinet was designed. 

Analytical and experimental methods were used to determine 

the performance of the four-stage three-row fin-tube heat ex-

changers used in water-cooled cabinets. In this process, the 

characteristics of the fin-tube heat exchanger connected by a 

single tube based on the flow type were identified. In addition, 

the thermal analysis of water-cooled cabinets using a fin-tube 

heat exchanger was performed. The thermal analysis results at 

the cabinet level confirmed the heat dissipation stability of the 

internal rack equipment based on the ambient temperature. 

① A numerical analysis method was used to construct a process

for predicting the heat dissipation performance from a single heat 

exchanger to the cabinet level. 

② The flow type of a fin-tube heat exchanger with a single

tube can be assumed to be macroscopic (parallel and counter 

flows) when using the effectiveness–NTU method. 

③ The performance of the heat exchanger was predicted via

CFD simulations; it was calculated that the parallel flow was 8.1% 

to 9.15% higher and the counter flow was 10.1% to 11.1% higher 

than the experimental results. 

④ The effectiveness of the heat exchanger depended on flow

type of the heat exchanger. The counter flow was more efficient 

than the parallel flow.  

⑤ Thermal analysis was performed at the cabinet level based on

the operating conditions of the water-cooled cabinet. Temperature 

distributions of 24.1–24.7 °C and 25.7–26.8 °C under general and 

severe operating conditions, respectively, were indicated.  

The water-cooled cabinet was less affected by the change in the 

ambient temperature and guaranteed the heat dissipation stability of 

the internal rack equipment under a high outside ambient tempera-

ture. 
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