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Abstract 
Due to the rapid growth of information technology, the cooling needs of data centers 
have been increasing. At present, most researchers focus on the cooling optimization of 
traditional data centers, but few on the single rack data center for edge computing. 
Therefore, the impacts of cold aisle and hot aisle depth on the thermal performance in 
data center are optimized by experiments and simulations. In this paper, five different 
sizes of cold aisle (15cm, 20cm, 25cm, 30cm, 35cm) and hot aisle (90cm, 100cm, 110cm, 
120cm, 130cm) are applied to investigate the optimum airflow distribution, a total of 25 
cases. And the return temperature index, maximum temperature and temperature 
uniformity index are used to analyze these cases. The results show that properly 
increasing the depth of the heat channel can reduce the internal temperature and 
improve the air flow uniformity. The cooling effect of the DC is the best when the cold 
and hot aisle depth is 20cm and 110cm respectively. 
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1. Introduction 

In recent years, with the rapid development of information technology represented by 5G, the global 
total data volume is growing rapidly at an annual rate of 40%. It is estimated that the global total data 
flow will grow to 163ZB in 2025[1]. At the same time, the number of data centers (DCs) is also 
increasing, people pay more and more attention to DCs. A DC could be defined as a structure, or 
group of structures, dedicated to the centralized accommodation, interconnection and operation of IT 
and network telecommunications equipment providing data storage, processing and transport services, 
together with all the support facilities for power supply and environmental control with the necessary 
levels of resilience and security required to provide the desired service availability [2]. Compared 
with other types of buildings, A DC is a place with huge energy consumption, which is mainly due 
to its high-density load and uninterrupted work throughout the year [3]. The cooling energy 
consumption of the DC is also very high, up to 40% of the total power consumption [4]. Therefore, 
reducing the cooling power consumption of the DC is the focus of the relevant industries. 

The cooling system of the DC has two main functions: the first is to supply evenly cooled air to equip 
the cooling system; the second is to cool and recycle hot air to prevent localized hot spots [5]. 
According to different cold air supply routes, the cooling system can be divided into three categories: 
room-based cooling, row-based cooling, and rack-based cooling [6-8]. At present, the mainstream 
cooling methods of DCs are room-based cooling and row-based cooling. On the one hand, those two 
ways of cooling are relatively mature and reliable cooling technologies, and their optimization 
research is relatively rich [9-11]. On the other hand, the cooling cost of rack-based cooling is high, 
and the related mechanism research is not enough. Although rack-based cooling has not been widely 
used, with the increasing demand for cooling and the related optimization research, rack-based 
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cooling will have great development potential. The rack mountable cooling unit (RMCU) is directly 
installed in the DC, which can realize "zero distance" air supply and one-to-one cooling. 

The research on the cooling optimization of the DC is a complex work. Various factors affect the 
internal air distribution of the DC, which is characterized by dynamic and static coexistence. One 
method for optimization is experimental research, but it is time-consuming and expensive, and only 
works for relatively simple facilities. Computational fluid dynamics (CFD) simulation is one of the 
methods to solve the above problems. At present, a lot of researchers on DCs use CFD to study [12-
16]. In the process of CFD research in a DC, servers’ simulation is a very important step. The common 
method is to treat the server as a uniformly heated geometry, this method is called the ‘black box 
model’ [17]. Although this method simplifies the CFD model, it often ignores the influence of airflow 
inside the server. Therefore, a porous media model is proposed in this study. The model is simplified 
by considering the effect of airflow in the server. On this basis, this study analyzes the influence of 
different cold and hot aisle depths, air supply conditions, server distance on the cooling performance 
of the enclosed single rack DC and provides relevant help and experience for the research of rack-
based cooling optimization. 

2. Method 

The simulation object of this study is the enclosed single rack data center (DC), as shown in Fig.1. 
Its structure is composed of an IT system, Cooling system, Power distribution system, and other 
auxiliary systems. Fig. 2 shows the simple structure of the data center. The geometric size of the DC 
is L * w * H = 120 * 60 * 200 cm, and the size of servers is L * w * H = 44 * 9 * 68 cm. There is 
precision air conditioning (44 * 22.5 * 95 cm), UPS, battery pack, distribution box, emergency fan, 
heat insulation baffle, and other equipment inside the DC. The air supply outlet of the precision air 
conditioner is upward, and the width of the air supply outlet is 15 cm. The main function of the heat 
insulation baffle is to separate the DC and form a closed cold and hot aisle to avoid the mixing of 
cold and hot air. The battery pack uses lead-acid batteries.  

 

 
Figure 1. Single rack data center (without servers) 
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Figure 2. The scheme of the single rack data center 

2.1 Computational Fluid Dynamics (CFD) 

Computational fluid dynamics (CFD) is a systematic analysis method and tool for simulating fluid 
flow, heat transfer, and related transfer phenomena by computer. Its basic principles are three 
conservation laws, namely the law of mass conservation, the law of momentum conservation, and the 
law of energy conservation. The corresponding equations are continuity equation, momentum 
equation, and energy equation [18]. 

 

 𝛻 ∙ �⃗� = 0 (1) 
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Where �⃗� is the average velocity vector. p is the static pressure. T is the static temperature. �⃗� is the 
gravitational acceleration vector. 𝑣  and 𝑘  is the effective fluid viscosity and thermal conductivity. 
𝜌 is the density. S is the volume heat source. 𝑐 is the specific heat capacity. 

In this study, the commercial software ANSYS-Fluent is used as the solver of CFD simulation. Firstly, 
the geometric model of the data center is established. To avoid the complexity of the model, the model 
is simplified appropriately. Ignoring the emergency fan, lighting equipment, water and electricity 
pipelines, and other components, and put the distribution box, battery pack, and other components 
together. The simplified geometric model is shown in Fig.3. Then the mesh generation and boundary 
conditions are set, and finally, the calculation is carried out.  
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Figure 3. 3D simplified model of the single rack data center 

 

Considering that the flow of cold and hot air will be affected by gravity in the actual working process 
of the DC, the gravity option should be checked in CFD software. The energy model and flow model 
can be used to simulate the heat transfer and flow in the DC. The flow model is divided into the 
laminar model and the turbulent model. In this study, a standard 𝑘 − 𝜀 model is proposed to reflect 
the flow conditions inside the DC, which has been widely recognized and used [19]. 

2.2 Porous Media Model of IT Servers 

The porous medium model can regard the object with pressure drop characteristics as a flow region 
and simulates the conditions encountered when the fluid passes through the porous medium. It’s more 
used to study the heat transfer mechanism of heat exchangers and electronic devices [20]. It can ignore 
the geometric details of the target and reflect the macro hydraulic behavior and thermal performance 
of the equipment. Using this method can greatly simplify the calculation, and the resulting error is 
also in the ideal range, but the research on the application of this method in the single rack DC is not 
enough [21].  

In this study, the IT services in the single rack DC are regarded as a porous medium. Without 
considering the internal geometry of the server, the calculation of the flow process of cold air is closer 
to the actual working condition. The porous media model is based on Darcy's law of pressure drop, 
and the resistance source term is added to the standard flow equation of the simulation process. The 
source term consists of two parts: viscous loss term and inertia loss term. For a single direction, the 
drag source term can be expressed as, 

 𝑆 = −
𝜇

𝛼
�⃗� + −𝐶

1

2
𝜌|�⃗�|�⃗�  (4) 

Where 𝜇 is the dynamic viscosity of the flowing medium. 𝛼 and C is the empirical coefficient, and 𝜌 
is the fluid density. The formula can be further simplified as, 

 𝑆 = (−𝐷 �⃗��⃗�) + −𝐶
1

2
𝜌|�⃗�|�⃗�  (5) 

Where 𝐷  and 𝐶  is the viscous drag coefficient and the inertial drag coefficient.  

The viscous resistance coefficient and inertial resistance coefficient of the porous media region are 
the most important link in the establishment of the model. In this study, the sum of its servers is 
calculated through experimental measurement. Firstly, a room with small space and air conditioning 
is selected to simulate the constant temperature environment inside the DC. Then, a 2U server (L * 
w * H = 44 cm * 9 cm * 68 cm) which is widely used in the market is taken as the measurement 
object. When the server is shut down, measure the speed and pressure drop before and after the air 
flows through the server. Then the velocity and pressure drop are fitted to obtain the quadratic 
relationship between them. Finally, the viscous resistance coefficient and inertia resistance coefficient 
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of the server is obtained according to the coefficients in the quadratic polynomial. The expressions 
used are, 

 ∆𝑝 = 𝑎𝑢 + 𝑏𝑢 (6) 

 𝑎 = 𝐶 ∙
1

2
𝜌∆𝑛, 𝑏 =

𝜇

𝛼
∆𝑛, 𝐷 = 1/𝛼 (7) 

Where 𝐶  and 𝐷  are inertia resistance coefficient and viscous resistance coefficient 
respectively,  ∆𝑛 are channel length. 𝜌 is the fluid density. 𝜇 are hydrodynamic viscosity. 

After calculation, the quadratic polynomial of velocity and pressure drop of airflow through the server 
is ∆𝑝 = 0.569𝑢 + 0.017𝑢, the 𝐷  and 𝐶  of porous-media model are 2.12 and 1.365 respectively. 

2.3 Grid-Independence Test and Validation of the Numerical Model 

In CFD simulation, the quality of the grid is related to the accuracy of the simulation results. If the 
grid is inappropriate, the simulation results may seriously deviate from the actual results [22]. The 
grid-independence test before the simulation is one of the important methods to ensure the quality of 
the grid. In this study, after refinement of the cold and hot aisle interface, server area, and other parts 
of the grid, six different numbers of cells are selected to study the grid-independence. Finally, the 
mesh nodes have been set to 580000. 

To verify whether the model is in line with the actual situation, under the same conditions, the 
numerical model is compared with the experimental data in reference [13] and the black-box model. 
As shown in Fig. 4, the maximum error of the simulation and experimental results using the porous 
medium model is 1.3 K and the average error is 0.77 K, while the maximum error using the black-
box model is 3.1 K and the average error is 2 K. Compared with the black-box model, the model used 
in this study can more accurately reflect the flow and heat transfer in the DC. 

2.4 Performance index 

At present, there are many kinds of performance index to evaluate the data center evaluation 
indicators. Sharama et al. [23] proposed supply heat index (SHI) and return heat index (RHI) to 
evaluate the utilization and recycling efficiency of cold air in the cooling path. Herrlin [24] proposed 
the rack cooling index (RCI), which is mainly used to measure the cooling effect of the load inside 
the rack. Herrlin [25] also proposed the return temperature index (RTI) to evaluate the degree of air 
re-circulation. In addition, there are many indexes used to evaluate the DC, such as RI, CI, BP, IOM, 
but most of these indexes are only applicable to the room-based cooling system. As a result, the return 
temperature index (RTI), maximum temperature (Tmax), and temperature uniformity coefficient 
(TUI) are proposed as metrics to assess the cooling performance of a single rack DC. 

 

 
Figure 4. Validation of the numerical model 
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The traditional room-based and row-based DCs contain several racks, and the cooling effect of each 
rack may be different. Therefore, the maximum temperature (Tmax) inside the computer room can’t 
accurately reflect its cooling effect. The single rack DC has small internal space and high server 
density. Using the Tmax as the evaluation index, it is easy to judge whether there are serious defects 
in the internal cooling system of the DC. 

The temperature uniformity index (TUI) is mainly used to evaluate the uniformity of temperature 
field distribution in the DC, to infer the possibility of local hot spots. This index is improved by using 
the Root Mean Square Error (RMSE) in statistics to evaluate the dispersion of sample data. The 
smaller the RMSE is, the lower the dispersion of the data is and the better the uniformity is. According 
to this index, we define the TUI as: 

 𝑇𝑈𝐼 == 1 − ∑ (𝑇 − 𝑇 )    (0 ≤ 𝑇𝑈𝐼 ≤ 1) (8) 

Where 𝑇  is a sample value, 𝑇  is the sample average value. In the formula, the range of values is 
between 0 and 1. The closer to 1, the better the temperature uniformity and the less obvious the local 
hot spot phenomenon. It should be noted that if the value is negative, the default value is 0, which 
means that the temperature field distribution is extremely uneven, and the local hot spot phenomenon 
is serious. 

The Return Temperature Index (RTI) is used to evaluate the air distribution in the rack to determine 
whether there is a phenomenon of cold air bypassing or hot air recirculating. It is expressed using the 
ratio of the difference between the air return and supply temperatures to the difference between the 
inlet and outlet temperatures of the data center’s air-conditioning. It is usually used to evaluate the 
room-based cooling system, but it is also applicable to the single rack data center. The expression of 
RTI is as follows: 

 𝑅𝑇𝐼 =
𝑇 − 𝑇

∆𝑇
 (9) 

Where 𝑇  is the return temperature.  𝑇  is the supply temperature. ∆𝑇  is the average 
temperature difference between the inlet and outlet of the server. When RTI > 1, it indicates that hot 
air re-circulation occurs in the data center; When RTI < 1, it means that there is cold air bypass in the 
data center; When RTI = 1, the airflow of the DC is in an ideal state. 

3. Results and Discussions 

In this paper, 25 different cold and hot aisle depths are constructed, the cold aisle depth is 15 cm, 20 
cm, 25 cm, 30 cm, and 35 cm, and the hot aisle depth is 90 cm, 100 cm, 110 cm, 120 cm, and 130 cm. 
The supply and return air conditions of these 25 models remain unchanged, the supply air temperature 
is set at 293 K, and the air volume is 800 CMH. The wall boundary condition is that the surface heat 
flux of the server and the heat insulation baffle is 0 W / m2. The fan is simplified as a pressure jump 
interface, and the jump value is 0.7 Pa. In addition, the pressure velocity equation is decoupled by 
SIMPLEC algorithm, and the momentum and energy equations are discretized by the second-order 
upwind scheme. To ensure the convergence of the calculation results, the residual standard of the 
energy equation is set as 10-6, and the other variables are set as 10-3. The distribution and power 
consumption of internal servers are consistent, and the total power consumption of its load is 4 KW. 

3.1 Characteristics of Flow 

Figure. 5 shows the airflow velocity magnitudes (using colored scale) in the lateral sections for 25 
different size configurations. When the cold aisle size is unchanged and the hot aisle size increases 
gradually, the flow rate of air near the outlet of the cooling unit is unchanged but will decrease in the 
upper part of the cold aisle. So, raising the heat aisle size will lead to a decrease of the top air flow 
rate in the DC and increase the likelihood of generating local hot spots. Comparing case A1 with A5, 
the flow rate inside the server located at the bottom is obviously higher than other servers when the 
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thermal channel is shallower. The occurrence of this situation in the conventional data center results 
from the faster static box pumping speed, while the reason in the present case is the too fast back-
wind caused by the structure. 

As shown in Fig. 5, when the size of the hot aisle is unchanged and the size of the cold aisle increases 
gradually, the internal airflow flow rate will be relatively unchanged between servers, and the airflow 
flow rate in the rear space does not change much, but there will be an airflow stagnation zone at the 
corners, which will cause waste of costs. Moreover, the increase in the size of the cold aisle will bias 
the cold airflow flow toward the right low-pressure zone and affect the air delivery volume to the 
bottom server. 

 

 
Figure 5. Air velocity distribution of the numerical model 

 

During the optimization in the single rack DC, increasing the hot aisle depth reduces the temperature 
difference between servers, especially in those located at the bottom, but excessively increasing it 
reduces the flow field uniformity inside the cold aisle. Increasing the cold aisle depth does not cause 
much change in the airflow around the server, but instead has some adverse effects. 

3.2 Characteristics of Temperature Distribution 

In this paper, a section 10 cm away from the outlet of the server is selected as the monitoring surface 
to reflect the distribution of the temperature field inside the hot aisle. As shown in Fig. 6, the internal 
temperature of the hot aisle is significantly higher than the other conditions when the cold aisle size 
is 15 cm. When the depth of the hot size is 130 cm, the section's maximum temperature can reach 316 
K and the temperature difference can reach up to 11 K. It is obvious that because the cold channel 
size is too small, it can’t meet the cooling requirements of the server. Moreover, affected by the action 
of gravity, heat would stack in the middle and upper part of the channel, causing severe local hot spot 
phenomenon. 

Figure. 6 shows that increasing the hot aisle size can reduce the lowest temperature inside the DC. 
Comparing cases B2 and B5, it is obvious that the lowest temperature of this monitoring surface 
decreases by 2-3 K when the hot aisle increases to 130 cm. Moreover, with increasing the hot aisle 



International Core Journal of Engineering Volume 8 Issue 4, 2022
ISSN: 2414-1895 DOI: 10.6919/ICJE.202204_8(4).0061

 

506 

size, the temperature distribution in the upper part of the data center can be increased. However, this 
change will affect the temperature uniformity in the top area. As can be seen from case C and D, 
when the size of the hot aisle increases from 90 cm to 130 cm, although the temperature at the top 
decreases slightly, its distribution is not good. From the middle of the rack, the increase of hot aisle 
will bring two changes. First, the lowest temperature area on the back of the rack will be transferred 
from the lower part to the middle part. In other words, the server in the middle is well optimized for 
cooling. Second, the temperature uniformity in the middle of the rack will decrease significantly. 
However, when the hot aisle depth is 130 cm, this will not happen, which may be caused by too much 
aisle space. For the bottom area of the rack, increasing the size of the hot aisle will greatly improve 
the temperature distribution, but it will slightly increase the temperature in the bottom area. In general, 
increasing the depth of the hot aisle will reduce the temperature inside the rack, but it does not 
significantly improve the distribution uniformity. 

The influence of cold aisle size on section temperature distribution can also be seen in Fig. 6 contrary 
to the hot channel, increasing the depth of the cold aisle will not reduce the temperature of the section, 
it will increase. This phenomenon is particularly obvious when the hot aisle is 90cm. The reason for 
this phenomenon is that the increase of aisle size leads to the slow flow rate and the decline of cooling 
capacity. However, this scheme is not good for nothing. Changing the size of the cold aisle has a 
certain optimization effect on the temperature uniformity at the back of the rack, especially in the 
middle and lower part of the DC. 

 

 
Figure 6. Temperature distribution of the numerical model 

3.3 Thermal Performance Indices 

Figure 7 shows the RTI of a single rack DC under 25 kinds of cold and hot aisle specifications. It can 
be seen from this figure that no matter what cold and hot aisle specifications are used in the DC, its 
RTI can be maintained above 1, which indicates that there is no by-pass cold airflow directly returning 
to the cooling unit in the rack. When RTI is more than 100%, it means that the hot air does not return 
to the air return outlet completely. It also shows that the RTI of most specifications is maintained at 
about 1.3, and when the cold aisle depth is 35 cm and the hot aisle depth is 90 cm, the RTI increases 
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sharply to more than 1.5, which indicates that compared with other specifications, the hot air in the 
hot aisle can’t be discharged in time, and some hot air will escape into the cold aisle, affecting the air 
circulation in the cold and hot aisle.  

 

 
Figure 7. Effect of cold and heat aisle depth on RTI 

 

According to Fig. 8, when the hot aisle depth is 90 cm, it is much higher than other hot aisle depths, 
and the maximum can reach 332 K. It means that when the depth of the hot aisle is too shallow, the 
flow of hot air will be greatly restricted, resulting in the phenomenon of heat accumulation in the hot 
aisle, which seriously endangers the work safety of its load. When the depth of the hot aisle increases 
from 90 cm to 130 cm, the general change rule of cold aisle size is first decreasing and then increasing. 
When the hot aisle depth increases to 110 cm, the temperature inside the DC reaches the minimum, 
which is 308.8 K. After that, with the increase of the hot aisle depth, Tmax will increase, but the 
increase is small and affected by the cold aisle depth. The main reason for this phenomenon is that 
increasing the depth of the hot aisle can make the hot air flow more fully and the heat can be 
discharged in time. However, when the hot aisle is too deep, there will be some areas with less airflow 
in them, which will cause heat retention and improve the Tmax. 

 

 
Figure 8. The Tmax of the single rack DC 
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In addition, Fig.8 also shows the effect of cold aisle depth on the Tmax. Except when the hot aisle is 
90 cm, the growth rule with the cold aisle in other specifications is roughly that it first decreases and 
then increases. This is mainly due to the increase of the depth of the cold aisle, which will make the 
air distribution in the cold aisle more uniform, and each server gets more average cooling airflow. 
But when the depth of the cold aisle is too deep, the cold air flow rate will decrease, resulting in the 
maximum temperature increase. When the cold aisle is 35cm, it will drop under some specifications, 
especially when the hot aisle is deep. This may be due to the increase of rack space, which slightly 
reduces heat accumulation. 

Figure. 9 shows that when the depth of the hot aisle is 90 cm, TUI is 0. The internal temperature field 
of the DC is extremely uneven, and the local hot spot phenomenon is serious. Increasing the depth of 
the hot aisle can improve the temperature uniformity, but when the depth of the cold aisle is 15 cm 
or 20 cm, the temperature uniformity will decrease when the hot aisle increases to 110cm. The main 
reason for this phenomenon is that when the depth of the cold aisle is shallow, the server close to the 
air supply outlet will get less cold air. If the depth of the hot aisle is too deep, the airflow velocity 
inside the hot aisle will be relatively slow, and the heat discharged from the server can’t be taken 
away in time. When the depth of cold and hot aisle in the DC is 20 & 110cm and 35 & 130cm, the 
TUI is the highest, but combined with Fig. 10, when the cold and hot aisle are too deep, it is not the 
optimal result. Therefore, combined with the above analysis, the optimal size of the cold and hot aisle 
in the DC is 20 cm and 110 cm. At this moment, the RTI value is good, the Tmax reaches the 
minimum and the temperature uniformity is the best. The three performance indexes are 1.30, 308.8 
K and 0.65 respectively. 

 

 
Figure 9. The TUI of the single rack DC 

4. Conclusion 

To optimize the airflow organization of the enclosed single rack DC and reduce the internal cooling 
consumption, this paper analyzes 25 different sizes of cold and hot aisles by building a CFD model 
based on the porous medium model. Combined with the simulated flow field division, temperature 
field distribution and thermal performance index, the optimization analysis is proposed. Finally, the 
results of this study are summarized as follows: 

The porous media model is superior to the black-box model in that the average temperature error 
decreases from 2 K to 0.77 K.  

Increasing the depth of the hot aisle will improve the air fluidity around the servers, especially the 
servers at the bottom, but excessive increase will reduce the flow field uniformity in the cold aisle. 
The depth of cold aisle has little effect on air distribution. 



International Core Journal of Engineering Volume 8 Issue 4, 2022
ISSN: 2414-1895 DOI: 10.6919/ICJE.202204_8(4).0061

 

509 

Increasing the depth of the hot aisle will reduce the temperature inside the rack but will not 
significantly improve the distribution uniformity. Increasing the depth of the cold aisle will increase 
the internal temperature and improve the distribution uniformity. 

When the hot aisle increases to 110 cm and the cold aisle is 20 cm, Tmax and TUI are 308.8 K and 
0.65 respectively, which are better than other specifications under the same working conditions. The 
RTI value is 1.3, which is not the optimal case, but it meets the use situation. Excessive increase in 
aisle size will adversely affect the data center.  
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Nomenclature 

𝑐  Specific heat capacity (J/kg·k) Greek symbols 

𝐶  Inertial drag coefficient 𝛼 Volume fraction 

𝐷  Viscous drag coefficient 𝑘  Thermal conductivity (Wm-1K-1) 

�⃗� Gravitational acceleration vector 
(m/s2) 

𝜇 Dynamic viscosity (Pa·s) 

∆𝑛 Channel length (m) 𝜌 Density (kg/m3) 

p Pressure (Pa) 𝑣  Effective fluid viscosity (m2/s) 

S Volume heat source   

T Temperature (K) Subscripts 

�⃗� Average velocity vector (m/s) u, S, R Vector, Supply, Reture 
 


