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Abstract 

 

Design, Development, and Characterization of a Flow Control Device for 

Dynamic Cooling Liquid-Cooled Servers  

(Reprinted with permission © 2021 ASME) [43] 

HARDIK YASHWANT HURNEKAR 

 

The University of Texas at Arlington, 2021 

 

Supervising Professor: Dereje Agonafer 

Since the early ’60s, based on Moore’s law, transistor density has been doubling every 

generation resulting in increased power density. Eventually, in the early ’90s, we moved from 

constant voltage to constant electric field and corresponding constant power for a given area during 

technology changes. Dennard’s model of voltage scaling and corresponding constant power 

ceased, ending improved performance gains in the early 2000s that again required techniques to 

mitigate increased power and corresponding temperature. The performance gain is being achieved 

by using multi-core processors, leading to non-uniform power distribution and localized high 

temperatures making cooling very challenging. Direct cold plate-based liquid cooling is one of the 

most efficient cooling technologies. The servers in traditional liquid-cooled data centers operate 

at constant flow rates irrespective of the IT load on each server which leading to redundant 

pumping power. Dynamic cooling based on a new low-cost Flow control device (FCD) is designed 

to control the coolant flow rates at the server level. The dynamic cooling will result in pumping 

power savings by controlling the flow rates based on server utilization. The proposed FCD design 

contains a V-cut ball valve connected to a micro servo motor. The valve position is varied to 
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change the flow rate through the valve by servo motor actuation based on pre-decided rotational 

angles. FCD working was validated by varying flow rates and pressure drop across the device by 

varying the valve position using both CFD and experiments.  
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Chapter 1 

Introduction 

In the modern age, computers have become the most important tool for almost all functions 

ranging from household use, machine operation to medical applications. With the rise of Artificial 

intelligence and machine learning the need for data storage and data processing has become more 

prominent. As of now, it can be said that data has become the new oil, and companies are 

developing and transforming technologies that can help them to process and store a large amount 

of data that is generated every day. The function of storing and processing the data is done by 

powerful computational devices called servers. The servers are equipped with high-power 

microprocessors capable of executing billions of operations per second at very high TDP (Thermal 

Design Power), as a server is an electronic device with components such as CPU and GPU and 

other power components operating at high TDP resulting in the production of heat. The highest 

operating temperature of Silicone chip is 125° C and longer exposure to these temperatures can 

lead to Reliability issues. To address this issue, heating components are needed to be cooled by 

the means of conduction, convection, and Radiation. Convection is the most effective type of heat 

transfer method. A fluid medium is blown over the Heated component to cool the components. To 

achieve efficient cooling the servers are housed in a dedicated space in a building called as a data 

center. Data centers have a controlled environment and protect the electronics from outside dust 

and moisture which can harm the electronics. Traditionally data centers are cooled using two 

methods: 

1. Air cooling  

2. Liquid cooling 
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1.1 Air cooling 

Air cooling is the most prominent method used in data centers. More than 80% of IT 

companies are using Air cooling in their data centers, because of the simplicity in design and cost-

effectiveness. Air cooling is half a century old technology, extensive research and development is 

available for this technology which drives its cost low and is a tried and tested method. In Air-

cooled data centers, the servers are housed in a rack, a maximum of 42 servers can be fitted into 

one rack due to power consumption limitation. Each server has fans arranged in parallel or series 

depending on the resistance provided by the components in a server. The fans help in blowing air 

over the electronic components. Heatsinks are used to increases the area of heat transfer for high 

TDP components. The Racks Are placed on an elevated floor. A CRAC (computer room air 

conditioner) is used to supply cold air from the ducts below the floors the cold air enters the servers 

through suctions produced by fans and hot air is given out at the other side. The hot air rises through 

natural convection currents and it enters the CRAC unit where heat is exchanged with external 

fluid. The CARC is supplied cold fluid through Chillers. Studies suggest that traditional air-cooled 

data centers use approximately 30-40% of energy for cooling purposes [1-2]. With the drastic 

increase in heat flux in GPUs and CPU’s air cooling is on the way to obsolescence. Studies suggest 

that the average High power usage effectiveness (PUE) is still around 1.58.  The reason for this is 

inefficient cooling [3]. In coming years there will be a need of substituting traditionally used air 

cooling with more efficient methods such as liquid cooling and several other methods which will 

help in efficient heat transfer [4-6]. Figure 1. Shows schematic arrangement of traditional air-

cooled data center. 
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Figure 1. Schematics of a traditional Air-cooled Data Center 

Source: colocation America website 

1.2 Liquid cooling 

DLC (Direct liquid cooling) is already in use and has proven to be a highly efficient 

solution to meet the ever-increasing cooling demand. DLC has already been used since 1960, but 

due to development in CMOS, air cooling once again become a viable option [7-10]. In modern 

times the need for higher power multicore CPU has increased, along with this the trends are again 

shifting towards liquid cooling [11-13]. In liquid cooling, the operating fluid is liquid which has 

high thermal conductivity and high thermal mass when compared to air. Heat sinks are replaced 

with cold plates shown in Figure (4), due to the high thermal conductance of fluid, heat transfer 

can take place at a reduced area when compared to heatsinks. The cold plate is supplied cooling 

fluid through the inlet manifold and the hot liquid exits from the cold plate to the outlet manifold. 

Both the inlet and outlet manifolds are connected to a CDU. The CDU houses the pump which 

supplies the liquid at required flowrates to the servers and it also acts as a heat exchanger. The hot 

fluid from the server exchange heat in the CDU with the external fluid supplied from the chiller 

which then exchanges the heat with the atmosphere. The advantage of DLC is that it can be 
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integrated in a hybrid manner where high-power components are cooled using cold plates and 

other components are cooled using airflow from the fans [14]. Other types of data centers use total 

liquid cooling by implementing cold rails for cooling other components like Memory sticks along 

with cold plates [15]. Figure (2) shows Schematics of a traditional liquid-cooled data center and 

Figure (3) shows the arrangement of placement of the cold plate assembly, in a traditional DLC 

data center, the cooling fluid is circulated at a constant flow rate irrespective of the utilization of 

the servers if the utilization of the server is taken into consideration and flow rates are varied 

according to significand saving in pumping power can be achieved. 

 

Figure 2. Schematics of a Liquid-cooled data center 
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Figure 3. Schematic of placement of cold plate 

 

 

Figure 4. Image of cold Plate 

Image source: Cool it Website. 

Dynamic liquid cooling is one such method, In the past Dynamic cooling has been 

implemented in Air cooling method. An improvement of 70% in data center performance was 

observed by controlling The CRAC Fan speed and electronically actuating the air vents [16]. The 

process of dynamic cooling can be further improved by implementing automation of the process 

through machine learning, where the fan speed and the opening of vents can be controlled using 

the feedback from the sensors recording the temperatures on the heating components [17-21]. In 

Dynamic liquid cooling, similar results can be achieved by developing a control strategy and 

controlling the flow on each server using a flow obstruction device. A similar study was conducted 

by Kasukurthy in which a control strategy was developed for FCD and simulation was done using 
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CFD software, a pumping power saving of 64% was achieved [22,23]. The obstruction of flow can 

be achieved by developing a Flow control Device that can be implemented on each server in a data 

center at low manufacturing cost and high reliability and low cost to Reproduce the components. 

In our study, we will go through the design, development, and validation of Flow 

characteristics of a Flow control Device that can be integrated with IT equipment for Dynamic 

variation of fluid flow rate based on the working load of the servers. The FCD is a V-cut ball valve. 

The Area of the opening of the valve is proportional to the angle of rotation of the valve. A 

servomotor is used as an actuator to rotate the damper. the variation in flow rate with respect to 

change in rotation angle of the valve. To validate variation in the flow rate and pressure drop across 

the device were analyzed by varying the position of the valve. Results obtained using 

Computational Fluid Dynamics and Experimentation were compared to validate the working of 

FCD.  

The thesis is outlined in the following section: design and development of the FCD, CFD 

analysis of the final design, FEA analysis for the valve, and validation of the results for the proof 

of concept. Experimentation and comparing the results with the CFD result to confirm the working 

of the FCD. 
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Chapter 2 

Design and Development of Flow control Device 

2.1 Design Motivation 

The primary motivation of the study is to design and develop a Flow control device that 

can be implemented in a Dynamic cooling setup. Experimentation on implementation of targeted 

delivery of flow have already been done in Air-cooled data centers, a reduction in energy 

expenditure for transportation of fluid was observed due to prevention of over-provisioning of 

fluid. The purpose of this study is to produce similar results in Dynamic liquid cooling by the 

implementation of a Flow controlled device. The FCD uses an actively controlled damper which 

is actuated using a servo motor. The position of the damper will decide the area of opening which 

controls the flow rates according to the utilization of the servers. This targeted control of Flow will 

result in pumping power saving in data centers, making the cooling process more efficient. The 

FCD is designed in such a way that it can be manufactured at a low cost using additive 

manufacturing techniques such as 3D printing. This makes the manufacturing process cost-

efficient when produced on a large scale. Usage of additive manufacturing makes the design easy 

to reproduce. 

 

2.2 Design and Development 

The design and development of any product start with the market research and need of the 

product. The market research helps in specifying the engineering characteristics needed for 

products. In our case, the FCD needs to provide minimum flowrate at a closed position without 

shutting down the flow completely. The FCD should use materials that are strong enough to 

withstand the pressure at working conditions flowrates with high reliability and good cycle life. 
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The FCD developed are needed to be implemented in data centers with thousands of servers, hence 

mass production of these devices is needed at reduced manufacturing time and effective reduction 

in manufacturing cost. 

  

2.2.1 Concept of Design 

The next step for any designing process is generating several concepts and comparing the 

engineering characteristics of the concepts. In our case, two designs were taken into consideration, 

the Butterfly valve, and the V-cut ball valve. A prototype design of the Butterfly valve was made 

in CAD software shown in Figure (5) and was tested for variation in flow rates with change in 

angle using CFD Analysis. The results showed minor variation in flow rates with change in angle, 

but the variation in flow rate was not sufficient for our use. Hence the ball valve design was taken 

into consideration. Ball valves are frequently used in industries for On/Off purposes and cannot 

reproduce precise control over the flow. Recent development in V cut ball valve has shown 

significant improvement in the linear response and allows a wide range of flowrate [24,25]. With 

this conclusion, the V-cut ball valve was chosen and the CFD analysis resulted in the required 

characteristics and variation in flowrate with change in the damper angle. The illustration of 

conceptual design of V-cut ball valve is shown in Figure (6) Results from CFD analysis for both 

butterfly and V-cut ball valve are compared using graphical data and is shown in Figure (7). 
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Figure 5. Conceptual design of a butterfly valve 

 

 

 

Figure 6. Conceptual design of a V-cut ball valve 
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Figure 7. Comparison of flow rate variation between the V-cut ball valve and initial Butterfly valve 

 

2.2.2 Detailed Design 

Based on the comparison and validation of results obtained from the conceptual design 

Phase, a V-cut ball valve was chosen. A detailed design was drafted taking into consideration 

standard pipe size for Inlet and outlet, in our case the external diameter of the inlet and outlet pipe 

of the FCD was chosen to be 3/8 inches, and a 10 mm ball valve size was chosen. The shaft of the 

valve was 13mm in diameter and a standard shaft seal was chosen to prevent fluid leakage from 

the moving parts. The top of the shaft has grooves where the servomotor arms can be directly 

fitted. The Detailed design was drafted in SolidWorks keeping in mind the conditions needed to 

manufacture the part using additive manufacturing. Figure (8) shows a detailed exploded view of 

the FCD that is designed, and Figure (9) shows the final assembly. Manufacturing a part using 3D 

printing machines needs special design consideration which depends on the method of printing 
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and the ability of the machine hence. For our purpose, the FCD produced needed to be leak-proof, 

two methods of 3D printing were used. 

 

 

Figure 8. Exploded view of Flow control Device. 

 

 

Figure 9. The above figures show the CAD Assembly of FCD 
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2.3 Manufacturing Method 

The FCD developed should be cost-effective and easy to reproduce. By implementing 

additive manufacturing, we can cut the cost required for manpower and tooling. Additive 

manufacturing can produce complex geometries that are complicated to manufacture using 

traditional CNC machines. For the manufacturing, the FCD we tested two methods which are 

explained below. 

 

2.3.1 Fused deposition modeling 

Fused deposition modeling is one of the most common types of additive manufacturing 

techniques used. The machine Prints the component layer by layer with the layer plane 

perpendicular to Z-axis. Schematics of the FDM machine are shown in Figure (10). A common 

material used is PLA and ABS. the minimum thickness of the single layer is 0.125mm. even with 

100% infill. There are voids in the structure which can lead to leakages and the surface finish is 

not as good as traditional manufacturing. FCD parts printed using FDM process are shown in 

Figure (10). It was observed that when the flowrate increased beyond 3 lpm the FCD started to 

leak from voids between the layers. Hence another method was needed which can result in a 

finer quality of print.  

 

Figure 10. Schematic of FDM machine and FCD parts produced using FDM.[44] 
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2.3.2 HP MultiJet fusion printers 

Additive manufacturing has come to such a stage that, some machines can reproduce parts 

with quality that are like parts produced using traditional manufacturing machines. One such 

machine is the HP MultiJet Fusion Printers, a good quality print was achieved with finer surface 

finish and no voids were generated during manufacturing. The FCD manufactured using this 

printer resulted in operation without leakage even at high flow rates. The print quality was similar 

to parts produced using traditional Machining. The material used is Nylon 66 which is suitable for 

high-pressure application and is not affected by the fluid’s chemical properties. The material is 

used in powder form and unused powder can be reused from time to time. Figure (11) shows the 

HP MultiJet Fusion printer and the parts produced using the machine. 

 

Figure 11. HP MultiJet Fusion printer and the FCD manufactured using this 

machine. 
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Chapter 3 

Computational Analysis 

Computational Analysis software such as ANSYS is an excellent tool for pre-production 

analysis of the model, it helps in identifying the required Engineering characteristics. These 

Analysis tools help predict the mechanical limits and cause of failure in the model. The results 

obtained using CFD analysis can be further validated with the experimental results. In our case, 

ANSYS Fluent was used for CFD calculations and ANSYS static structural was used for structural 

analysis of the model. 

 

3.1 Computational Fluid Dynamics 

Over the years CFD has become one of the most important tools for finding the 

characteristics and properties of the Flow in each system.  For our purpose, ANSYS Fluent was 

used to conduct CFD analysis and to visualize the 3D flow inside the FCD. The CFD software 

uses momentum, energy, and mass conservation equation to solve the problem that is presented 

[26]. CFD analysis can be conducted on the CAD model that is generated using CAD software. 

Before preparing the setup for solving the model needs to be divided into small elements. This 

process is called meshing. A fine mesh helps in predicting accurate results. Before meshing is done 

the model generated is needed to be prepared for simulation. In our case only the hydraulic 

characteristics are needed to be studied, hence only the fluid domain is needed. A volume extract 

is created for the flow domain and other solid components are suppressed for physics. This helps 

in cutting off the extra efforts needed to mesh and solve the simulations. 
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3.1.1 Meshing 

The mesh generated is a tetrahedral type of mesh for fast-paced calculations. The quality 

of the mesh is determined by the element skewness and the orthogonality of the mesh. For the 

mesh to be of good quality, the value of skewness should be closer to 0, and the value of 

orthogonality should be closer to 1. The minimum element size was set to be 0.3mm and the 

maximum element size was 0.6mm. the growth rate was 1.2 for the inflation and the number of 

layers in inflation was set to 10 layers. The average orthogonality of 0.8 and average skewness of 

0.2 were observed in our case. Mesh independence study was carried out and it was found that the 

optimum number of elements count was 739,416. After creating the required mesh, the next 

process was setting up the CFD setup. 

3.1.2 CFD setup 

The main purpose of the CFD simulation was hydraulic verification of the FCD. The 

energy equation was deactivated which results in the deactivation of any Thermal inputs possible 

in the simulation saving considerable time required for solving the analysis. A pressure-based 

solver algorithm was used to simulate a velocity field through the FCD by a correction in the 

pressure equation in the continuity equation. During the literature survey, it was seen that various 

turbulence models were used for these types of flow applications. Literature shows that the 𝑘 − 𝜔 

turbulence model is most preferred. In our case, the Standard and Shear Stress Transport (SST) 

𝑘 − 𝜔 turbulence model was used because of its superiority in predicting such flow [27]. The SST 

𝑘 − 𝜔  model can predict the values of the drag coefficient across the fluid field. This has been 

validated in the literature where several turbulent models were solved for the butterfly valve design 

[28]. The CFD results become less sensitive to grid size when using this turbulence model. 
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The governing equation which controls the working of the simulation are given below. 

Continuity equation: 

𝜕𝜌

𝜕𝑡
+ ∇. (𝜌𝑢) = 𝑆𝑚                                                                                                      (1) 

Momentum:          

𝜌𝑑𝑢⃗ 

𝑑𝑡
= −𝛻𝑝 + 𝛻 ∙ (𝜇𝛻𝑢⃗ ) + 𝑓                                                                                    (2) 

Transport Equation for the SST 𝑘 − 𝜔:  

𝜕

𝜕𝑡
(𝜌𝑘) + 

𝜕

𝜕𝑥𝑖

(𝜌𝑘𝑢𝑖)   =
𝜕

𝜕𝑥𝑗
 (

𝜕𝑘

𝜕𝑥𝑗
(г𝑘)) + 𝐺̃𝑘 − 𝑌𝑘 + 𝑆𝑘                              (3) 

𝜕

𝜕𝑡
(𝜌𝜔) + 

𝜕

𝜕𝑥𝑖

(𝜌𝜔𝑢𝑖)   =
𝜕

𝜕𝑥𝑗
 (

𝜕𝜔

𝜕𝑥𝑗
(г𝜔)) + 𝐺𝜔 − 𝑌𝜔 + 𝐷𝜔 + 𝑆𝜔               (4) 

equations (3) and (4), 𝐺̃𝑘 represents the generation of turbulence kinetic energy due to mean 

velocity gradients, 𝐺𝜔 represents the generation of 𝜔. г𝑘 andг𝜔 represent the effective diffusivity 

of 𝑘 and 𝜔, respectively. 𝑌𝑘 and 𝑌𝜔 represent the dissipation of 𝑘 and 𝜔 due to turbulence and 𝐷𝜔 

represents the cross-diffusion term. 𝑆𝑘 and 𝑆𝜔 are user-defined source terms which were not 

utilized in the current CFD modeling setup [26]. 

After the turbulence model was selected, material properties were defined for the fluid. 

25% Propylene glycol (PG25) is used as the fluid. In the boundary condition, the inlet of the FCD 

was set as inlet velocity. The outlet of the FCD was set to outflow with 0pa gauge pressure. The 

walls of the Fluid domain were treated as adiabatic walls and a steady-state solver was used with 

convergence criteria of 1*10-3 for velocities, continuity, k and 𝜔 values. Figure (12) shows the 

boundary conditions applied in the CFD setup. 



17 

Similar steps of meshing, setup of analysis was repeated for different cases by changing 

the damper handle from 0o-90o angle. 

 

Figure 12. Boundary conditions for the CFD setup 

 

3.1.3 CFD Result 

After the convergence was achieved with the appropriate mesh, the CFD results were 

obtained and analyzed in the form of pressure drop across the FCD with change in the damper 

angle. The CFD simulation for 0o,30o,45o,90o was repeated for three chosen values of starting 

flowrate of 0.6, 1.0 and 1.5lpm. The CFD proved the working of the FCD, it was observed that 

with change in damper angle the pressure drop increases and the flow rate decreases. These results 

will be used to compare with the experimental results. The observation obtained showed similar 

trends when represented graphically for all the simulations. The values had error possibilities of 

14%. Table.1, Table.2, Table.3 represents the pressure drop and flow rate values obtained during 
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the CFD analysis at starting LPM of 0.6, 1 and 1.5, respectively. Where Lpm stands for Liters per 

minute of flow and kPa stands for Kilo Pascal of Pressure. The data from the tables show that as 

the angle increases from 0o to 90o, the flow rate drops down to near 0 and the pressure drop 

increases from the minimum value. Figure (13), Figure (14) and Figure (15) shows the hydraulic 

characteristics of the FCD at fully open, partially open and at about to close position. 

 

At 0.6 Lpm @ fully open 

v=0.127 m/s 

Inlet Pressure 

(kPa) 

Outlet pressure 

(kPa) 

Flow Rate 

(Lpm) 

Pressure drop 

in (kPa) 

Angle 

    

0 6.23 5.154 0.725 1.076 

30 6.013 3.985 0.625 2.228 

45 4.256 0.765 0.412 3.491 

90 9.286 1.896 0 7.39 

Table 1.CFD Result showing increases in pressure drop with increase in damper angle at Maximum of 0.6 

Lpm. 
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At 1 Lpm @ fully open 

v=0.2122 m/s 

Inlet Pressure 

(kPa) 

Outlet pressure 

(kPa) 

Flow Rate 

(Lpm) 

Pressure drop 

in (kPa) 

Angle 

    

0 11.9856 10.456 1.19 1.5296 

30 12.465 9.125 0.865 3.34 

45 17.839 4.265 0.512 13.574 

90 18.563 2.663 0 15.9 

Table 2. CFD Result showing increases in pressure drop with increase in damper angle at Maximum of 1 Lpm. 

 

At 1.5 Lpm @ fully open 

v=0.318 m/s 

Inlet Pressure 

(kPa) 

Outlet pressure 

(kPa) 

Flow Rate 

(Lpm) 

Pressure drop 

in (kPa) 

Angle 

    

0 22.645 20.01 1.53 2.635 

30 25.126 18.256 1.395 6.87 

45 28.3692 9.564 0.965 18.8052 

90 30.827 3.693 0.0964 27.134 

Table 3. CFD Result showing increases in pressure drop with increase in damper angle at Maximum of 

1.5 Lpm. 
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Figure 13. Flow characteristics when the valve is fully open. 

 

 

Figure 14. Flow characteristics when the valve is closed at 45 degrees. 
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Figure 15. Flow characteristics when the valve is about to close. 

3.2 FEA Simulations 

The FEA solution was done using Static structural on Ansys workbench to test the working 

limit of the FCD. The internal load like pressure on the inner surface of the FCD was imported 

from the results of the CFD simulation. A tetrahedral mesh was used with a physical preference 

set to mechanical for calculating mechanical characteristics. The mesh element size was set to 

0.5mm. the mesh smoothing was set to medium, the mesh resulted in 912689 nodes and 534030 

mesh elements. The ambient temperature of the simulation was set to 22 C. Fixed support boundary 

condition was given to the sidewalls and loads were imported from the CFD simulation at highest 

flowrates at 4 Lpm. The basic assumptions in this theory include a linear elastic behavior and small 

deflections of the material.  

[𝐾]{𝑥} = {𝐹}                                                                                  (5) 



22 

Here [K] represents the stiffness matrix of the entire geometry. {x} represents the unknown 

nodal displacements and {F} represents the external forces or applied loads.  

3.2.1 FEA Results 

It was observed that the maximum deformation was observed near the inlet port where the 

pressure is high. With a value of 7.9e-04 mm with maximum equivalent stress of 0.94 MPa. The 

average deformation observed throughout the FCD was 1.13e-04 with average stress of 7.6e-02 

MPa. The average factor of safety observed was 15, the above results are shown in the Figure (16), 

Figure (17), Figure (18), hence it can be concluded that the current dimension and material will 

not fail at high-pressure conditions observed at a maximum flow rate of 4 Lpm. To further validate 

the results observed in the CFD and FEA analysis experimentation is needed to be done to get real 

working values. 

 

 

Figure 16. Equivalent Elastic Strain 
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Figure 17. Equivalent (Von-Mises) Stress 

  

 

 

Figure 18. Total Deformation 
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Chapter 4 

Experimentation 

An experiment was carried out in a temperature-controlled environment where the ambient 

temperature was set to 22o C. the Fluid used for circulation is PG 25, and a closed-loop 

experimental setup was built around the FCD to prevent contamination of the fluid. Two pressure 

sensors were attached at the inlet and the outlet of the flow control device. To determine the 

pressure, drop in the FCD. An ultrasonic flowmeter was used to calculate the flow rate. the 

ultrasonic flow sensor works on the principle of the doppler effect which finds the value of the 

flow rate of the fluid depending on the Hydraulic diameter of the pipe and velocity of the fluid.  

The Ultrasonic flow meter and the Pressure sensor were connected to the Data acquisition system 

(DAQ) which is used for sampling electric signal. The pressure sensor and the ultrasonic sensors 

generate an electric current that is linearly proportional to the value of pressure or flow. The DAQ 

converts these electric signals into Known units such as Pressure in pascals and flowrate in Liters 

per minute. The pressure sensors and the ultrasonic flowmeter need external power, 20V was given 

using an external DC power supply. A PWM-controlled pump running at maximum of 15 Watts 

of power was used to circulate the fluid in the loop. The speed of the pump is controlled by the 

value of PWM supplied by the microcontroller which is preprogrammed for this purpose. By 

controlling the speed of the pump, we can control the Flowrate in the experimental setup loop. The 

angle of the valve was controlled using a servomotor attached to the shaft of the flow control 

device. An Arduino microcontroller was used to control the valve opening. 

The Arduino was programmed using Arduino Ide and the angle of the servo motor 

depended on the value of the resistance provided by the Potentiometer. The experiment was 
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conducted at a minimum of 0.2 Lpm and a maximum of 4 Lpm of starting Lpm. Observations were 

notated at 0o-90o angle. The schematic of the experimental setup is shown in Figure (19). 

 

Figure 19. Schematic of the experimental setup used for characterizing the flow control device. 

 

4.1 Experimental Result 

After the CFD simulation and proof of working observed from the CFD and the FEA 

results. Experimentation was conducted with a starting of 0.2 Lpm and a maximum starting 

was4.0LPm. Results from the Experiment are represented in the graphical format shown in Figure 

(20), Figure (21), Figure (22). The Shaft of the device was rotated from 0 to 90 degrees. 

Observations such as pressure drop, and flow rate were recorded and are shown in a tabular form 

below. Results from the experimental process are arranged in tabular form. Table (4), Table (5), 

and Table (6) show values recorded at starting Lpm of 0.6, 1 and 1.5. It was observed that when 

the FCD valve moves from 0o-90o of Angle the area of opening decreases and the pressure drop 

across the FCD increases which results in a reduction of the flow rate. This shows the impedance 
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characteristics of the FCD. A comparison of results from the experimental study and CFD analysis 

is shown in Figure (23), Figure (24) and Figure (25). The comparison of results of flow rates with 

varying angles of the ball valve shows that a maximum discrepancy of 20% was observed in both 

the results at a flow rate of 1 Lpm. This is expected as there is a linearly inverse relationship 

between pressure drop and flow rate. The maximum error between the pressure drop variation was 

16% for at 1 Lpm flow rate when the valve is fully closed. The error between the results when the 

valve was fully opened was within 3% for both pressure drop and flow rate. The maximum value 

of pressure drops, and flow occurs between the angle of 30o to 90o angles. 

 

 

At 0.6 Lpm @ fully open 

v=0.127 m/s 

Inlet Pressure 

(kPa) 

Outlet pressure 

(kPa) 

Flow Rate 

(Lpm) 

Pressure drop 

in (kPa) 

Angle 

    

0 6.48 4.687 0.6 1.793 

30 6.4375 4.125 0.559 2.3125 

45 7.1875 3 0.366 4.1875 

90 8.95 1.06 0 7.89 

Table 4. Experimental Result showing increases in pressure drop with increase in damper angle at a 

Maximum of 0.6 Lpm. 
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At 1Lpm @ fully open 

v=0.2122 m/s 

Inlet Pressure 

(kPa) 

Outlet pressure 

(kPa) 

Flow Rate 

(Lpm) 

Pressure drop 

in (kPa) 

Angle 

    

0 11.98 10.425 1.5296 2.023 

30 12.456 9.125 0.865 5 

45 16.979 4.005 0.512 13.63 

90 18.563 2.663 0 16.57 

Table 5. Experimental Result showing increases in pressure drop with increase in damper angle at 

Maximum of 1 Lpm. 

 

At 1.5 Lpm @ fully open 

v=0.2122 m/s 

Inlet Pressure 

(kPa) 

Outlet pressure 

(kPa) 

Flow Rate 

(Lpm) 

Pressure drop 

in (kPa) 

Angle 

    

0 22.5 19.5 1.5 3 

30 24.5 17 1.35 7.5 

45 29 7.5 0.814 21.5 

90 34 1.375 0.103 32.625 

Table 6.Experimental Result showing increases in pressure drop with increase in damper angle at a 

Maximum of 1.5 Lpm. 

 



28 

 

Figure 20. Variation of the flow rate through the FCD with the changing angle of the valve 

 

 

Figure 21. Pressure drop variation across the FCD with changing valve angle. 
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Figure 22. Device impedance curve with varying flow rates with the valve is in a fully open condition. 

 

 

Figure 23. Variation of the flow rate through the FCD with the changing angle of the valve 
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Figure 24. Pressure drop variation across the FCD with changing valve angle. 

 

 

Figure 25. Comparison of the impedance curve obtained from CFD analysis and experimental data. 
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Chapter 5 

Conclusion and Future work 

Direct liquid cooling (DLC) has already proven to be an effective method in overcoming 

the thermal challenges faced in high-performance computation systems. The implementation of 

DLC has made the heat dissipation process more energy efficient for high heat flux components. 

DLC provides notable advantages and better equipment reliability of IT Equipment’s as issues 

related to contamination and fan acoustics [29-34]. In traditional DLC datacenters, the coolant is 

supplied to the servers at a constant flow rate through a centralized pumping system irrespective 

of the utilization, but with the implementation of targeted coolant supply depending on the 

utilization of the server, further enhancement can be made in making the system more efficient. 

The targeted supply of coolant can be achieved using dynamic liquid cooling methods. Dynamic 

liquid cooling can be achieved by developing a control strategy that controls the pump speed, 

working simultaneously with a device that will obstruct the flow sullied to a particular load. It also 

provides higher heat flux values than single-phase immersion cooling and overcomes the issues 

related to material compatibility and vapor pressure in 2-phase open bath immersion cooling and 

2-phase cold plates [35-40]. 

In our study, an FCD design is proposed, which will help in workload-related provisioning 

of the coolant to the servers placed in a data center. A recent study conducted by retrofitting cold 

plates with distributed pumps showed considerable power saving when the flow rates were 

dynamically varied [41]. The FCD will therefore yield a considerable power-saving when used 

simultaneously with speed control pumps on rack level.  The V-cut ball valve design was finalized 

from the two designs by comparing their hydraulic characteristics. FEA analysis was conducted to 

find failure in the part. Various failure modes are caused by factors such as mechanical stresses, 
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temperature cycling, and humidity, making reliability a major concern. Finite element analysis 

(FEA) is commonly used to evaluate reliability under a variety of loading conditions, including 

thermal cycling, drop checking, power cycling, and vibrational loads [42]. The CFD analysis and 

the experimental validation shows that the FCD was efficient in providing the required variation 

in flow rates to cool heat loads in high powers computation systems. A minimum of 0.09 Lpm and 

a maximum of 4Lpm were achieved by varying the angle of the valve inside the FCD cavity.  

The future work on this subject will investigate the implementation of FCD on servers at a 

rack level and obtain the thermal and hydraulic characteristics of the FCD when used on a rack 

level.  In the future study, we will also investigate the pumping power saving achieved by the 

implementation of FCD on a rack level and the cost-saving not only due to reduced pumping power 

but also provide an estimate of a simple payback period after device deployment. Further studies 

will also focus on the reliability of the FCD at high cycle speeds to obtain the lifecycle when 

operated at transient conditions.
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