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Design and Optimization of
Control Strategy to Reduce
Pumping Power in Dynamic
Liquid Cooling

Data centers are a large group of networked servers used by organizations for computa-
tional and storage purposes. In 2014, data centers consumed an estimated 70 billion kWh
in the United States alone. It is incumbent on thermal engineers to develop efficient meth-
ods in order to minimize the expenditure at least toward cooling considering the limited
available power resources. One of the key areas where electronic cooling research has
been focusing, is addressing the issue of nonuniform power distribution at the rack,
server and even at package levels. Nonuniform heating at the chip level creates hotspots
and temperature gradients across the chip which in turn significantly increases the cost
of cooling, as cooling cost is a function of the maximum junction temperature. This chal-
lenge has increased the use of temperature sensing mechanisms to help in finding ways to
mitigate the gradients. A very effective way to conserve pumping power and address hot-
spots on the single or multichip modules is by targeted delivery of liquid coolant. One
way to enable such targeted delivery of coolant is by using dynamic cold plates coupled
with self-regulating flow control device that can control flow rate based on temperature.
This novel technology will have more effective implementation coupled with a good con-
trol strategy. This paper addresses the development and testing of such control strategy

with minimal sensors along with less latency and optimization of the same.
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1 Introduction

A data center is a facility composed of networked computers
and storage that businesses or other organizations use to organize,
process, store, and disseminate large amounts of data. A business
typically relies heavily upon the applications, services, and data
contained within a data center, making it a focal point and critical
asset for everyday operations [1]. Due to the rapid increase in
business and industries, there is an increase in demands of proc-
essing and storage of data. Increasing demands of processing and
storage of data cause a corresponding increase in power density of
servers. Because of this ever-increasing demand, the data center
cooling costs are constantly on the rise as they need large amounts
of energy for cooling. Due to this huge energy consumption by
data center facilities, operators have placed a significant emphasis
on the energy efficiency of the building’s overall operation.

Both direct and indirect forms of liquid cooling offer many
advantages such as higher heat capacities and lower transport
energy requirements over conventional air cooling. A lot of work
on direct liquid cooling has shown that it is also a feasible solution
for IT cooling [2-4]. In the indirect methods, using water as a
cooling medium through cold plates or rear door heat exchangers
is a good example of the demonstration of the benefits of a liquid
cooling strategy [5—7]. With single-phase liquid cooling utilizing
cold plates, efficiency of the cooling system can be increased with
elevated coolant supply temperatures and possible use of waste
heat for other applications [8]. Cold plates have been a long-
standing method of bringing water cooling to high powered devi-
ces such as the IBM’s thermal conduction module (TCM) of the
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late 1970s [9]. Sources such as ASHRAE TC 9.9 [10] provide
ample data and guidelines for implementing water-cooled data
center environments. Indirect liquid cooling not only increases
cooling efficiency but also reliability of the hardware. Multichip
modules that house several functional units on the same die can
create hotspots due to nonuniform heat distribution on the module
[11]. The large temperature gradients created across the module
can negatively affect the performance and reliability of the mod-
ule. Using conventional cold plates often results in over-usage of
resources, as the cost for cooling is directly proportional to the
maximum junction temperature observed at any point across the
entire module.

A viable solution for this is using dynamic cold plate (DCP). A
DCP has sections with individual inlets and outlets that allows for
targeted delivery of coolant to specific regions of the module. This
can help considerably cut down on pumping requirements [11].
Using individual pumps for each of its sections that relies on an array
of temperature sensors to identify temperatures on various regions of
the module will increase the complexity. Studies have shown that
centralized pumping will have more efficiency than distributed
pumping [12-15]. The use of a heat sensitive flow control device
(FCD) negates the need for individual pumps and temperature sen-
sors thereby further increasing pumping-power savings and operation
reliability. The necessity of numerous temperature and pressure sen-
sors, a suitable control system and the maintenance and reliability
issues that they manifest, can be significantly minimized with the use
of a self-sensing and controlling smart FCD. This paper discusses
about the control strategy that can be adapted by using one of such
self-sensing and controlling FCDs.

2 Computational Fluid Dynamics Setup and Procedures

2.1 Model for Testing Controls. To have a good energy sav-
ing model, control strategy plays an important role besides cold
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plates and FCDs. This is implemented on a rack level using a
computational fluid dynamics (CFD) model in 6SigmaET. A rack
level system with direct liquid cooling uses water to carry the heat
away from the cold plates. A properly designed cold plate not
only have high heat transfer performance but also minimal pres-
sure drop across itself, as higher pressure drop results in increased
pumping power. The schematics in Fig. 1 show four standard
channel cold plates connected in parallel representing the cold
plate sections. FCD is attached at the outlet of the cold plate
which will regulate the flow rate based on the temperature. In this
study, FCD is just a damper that changes the percentage of open-
ing. The pressure sensors monitor the pressure drop across the
cold plate. There are pressure sensors at the beginning of inlet and
ending of outlet manifolds to monitor the overall pressure drop
across the system. The flow rate sensors will help in monitoring
the flow for each cold plate. Inlet temperature of the coolant is
kept constant. Inlet and outlet are connected to a pump boundary
condition that mimics the pump settings.

2.2 Integration of maTtLAB With 6SigmaET. A control sys-
tem is developed in MATLAB that is integrated with 6SigmaET
which provides the customized controls of the damper according
to the FCD functionality. The controller will change the opening
area of the damper to regulate the coolant flow rate based on the
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temperature sensor that is attached to it as shown in Fig. 2. Dead
Band width is set as 0.1°C to have high accuracy. Every iteration
will report the temperature values to MATLAB using solver exchange
and the output from the code is sent back to the solver as new
inputs. All the MATLAB integrations performed are embedded from
solver exchange methodology of the 6Sigma user manual. Figure 2
shows the model in 6SigmaET. This model uses smart objects in
the software tool to build the setup. The green board is a printed cir-
cuit board (PCB) object in 6SigmaET. The blue tubes are duct
objects in 6SigmaET. A pump boundary condition is attached at the
inlet and outlet to supply the required flow rate of coolant.

A 400-W component with a square inch area is assumed for the
study with a cold plate attached to cool it. All the power generated
by the component is dissipated through the cold plate into the
coolant. The coolant will maintain the component temperature
below the specifications of the component which is less than
100 °C. Component temperatures are not reported as they are pro-
portional to the flow rate and temperature rise of the coolant. The
coolant considered in this study is water and the flow rate will be
controlled by MATLAB controls.

2.3 MATLAB controls. A constant pressure-based control strat-
egy is tested with variable frequency drive (VFD) pump. This
type of pumps will save energy by reducing the electricity con-
sumption. The flowchart shown in Fig. 3 shows that the pressure
difference across the system will be taken into MATLAB and proc-
essed as shown based on the set point value. The set point value
such as pressure and total flow rate is dependent on the system
and varies from system to system. A MATLAB code for FCD is cre-
ated and integrated with 6SigmaET to test the control strategy and
a distinct code is designed specially to control the pump by sens-
ing the pressure changes in the system.

2.4 Computational Fluid Dynamics. The equations that
govern the motion of a Newtonian fluid are the continuity equa-
tion, the Navier—Stokes equations, and the energy equation. The
set of equations listed below represents seven equations that are to
be satisfied by seven unknowns [16,17]. The scope of our analysis
predominantly lies in the laminar region of flow owing to low
flow velocities and relatively simple geometries. The only
instance where a k-Epsilon turbulence model is used is in the
region between when the damper is completely closed and when it
is open by an angle of 10 degs. The equations used for solving in
the laminar as well as turbulent regions are listed below [18]. As
shown in Egs. (1) through (5).

Continuity equation

dp
E—i—V-(pv):O (D)

Momentum equation

0,
XLV (V% V) = V- (e VV) = ~Vp + V- (1 V) +

ot
2)

Pumping Power

Pressure
Difference
(dP)

10% Dead band
control

dP > Set Value

Increase
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Fig. 3 Control system flowchart
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Energy equation
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2.5 Mesh sensitivity Analysis. A Mesh sensitivity analysis is
done to determine the right grid for the analysis to have a good
accuracy for the solution. 6SigmaET has the capability of adapt-
ing the grid based on the model [19]. A local gridding feature in
the software is used to create enough grid to capture the heat
transport. Based on Fig. 4, model uses around 2 million grid for
all the simulations.

3 Flow Control Device Functionality

A MATLAB code was developed to mimic the functionality of
FCD using the experimental data [20]. This functionality will be
used in controlling the coolant flow rate in 6 Sigma based on the
readings provided by the temperature sensor. Figure 5 shows FCD
hysteresis curve that is plotted from MATLAB code. The hysteresis

Grid Sensitivity Analysis
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Table1 Percentage of damper openings

Pressure (Pa) D1 D2 D3 D4

300 28.31 40.12 69.98 64.86
400 18.02 20.25 24.3 24.08
500 13.42 14.64 17.69 17.63
600 10.84 11.33 13.96 13.97

Table 2 Temperature of the coolant at outlet of cold plate

Pressure (Pa) T1(°C) T2 (°C) T3 (°C) T4 (°C)
300 37.11 37.12 37.38 37.28
400 36.92 37.02 37.11 37.12
500 36.99 36.93 36.94 36.95
600 36.95 36.97 37 37.01

between cooling and heating cycle of the fluid is observed as
4-6°C. A minimum opening of 10% is by design to monitor the
temperature changes in the fluid and cool the minimum utilization
of the component. Numerous simulations are carried out to bring
the harmony to the multicontrol integration.

4 Results and Discussion

4.1 System Pressure Drop Analysis. System pressure drop
is calculated to provide the set point values for the control strat-
egy. Table 1 shows the results for various pressure drops across
the system and the damper response with the fixed flow rate and
having the FCD maintaining the outlet temperatures at 37 °C.
Table 1 shows some different damper opening values with same
power. Four different values of pressure are tested to find out the
pressure set point. The values D1, D2, D3, D4 indicate respective
dampers for the cold plates 1, 2, 3, 4.

The values T1, T2, T3, T4 in Table 2 indicate the outlet temper-
atures of coolant at the respective cold plates 1,2,3,4. Table 1
shows that at 300 Pa the dampers are at different percentage of
opening. This is not supposed to happen because the power dissi-
pated by all the component is the same. Once the pressure is more
than 400 Pa, the damper openings are relatively close to each other
with a maximum difference of 6%. The distance of cold plate
from the pump will also be affecting the pressure of the system
and flow across each cold plate. The 300 Pa pressure drop has ele-
vated outlet temperatures which are more than 37 °C, but the pres-
sures more than 400 Pa have almost constant temperature outlet
which is 37 °C. With 300 Pa the temperature rise is slightly higher
than the set point value also the damper openings are very large
that this will create imbalance when the powers are varying.
Hence, 400 Pa is determined to be the required pressure for the
system. The temperature values also agree with the damper open-
ings. Based on these findings 400 Pa will be used as the pressure
set point to control the pump.

4.2 Controls testing. The set point of pressure (400 Pa) value
is used in the controls and is tested for different powers. Table 3
shows the iterations with different sets of power. U1, U2, U3 and
U4 represent the power of the components with respective to the
cold plates 1, 2, 3, 4. The power is varied from 100 to 400 W and
the control strategy was applied to vary the pump flow rate based
on the system pressure maintaining a constant pressure for the
overall system. Flow rate at each cold plate is controlled by the
FCD opening based on temperature outlet from the cold plate.
Control strategy was tested using the sample set provided in
Table 3, which covered all the possible power combinations
required in the taken scenario. There might be 256 number of pos-
sible combinations and arrangements with duplicates but, all of
them will have a similar total power with the selected sample set.
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Table 3 Power variation in the test cases

Test case no. Component Ul Component U2 Component U3 Component U4 Total power
1 100 100 100 100 400
2 100 100 100 200 500
3 100 100 100 300 600
4 100 100 100 400 700
5 100 100 300 300 800
6 100 100 300 400 900
7 100 200 300 400 1000
8 200 200 300 400 1100
9 200 300 300 400 1200
10 200 300 400 400 1300
11 200 400 400 400 1400
12 300 400 400 400 1500
13 400 400 400 400 1600
These samples are simulated and the data on flow rate, tempera- . . .
ture, damper openings, and pressure drops are collected for Dynamic Cooling Savings
processing. 7 - 100% ,
)
6 \ ) £
4.3 Pumping Power. Pumping power is equal to the product \ = W{th°“t FCO L 80% 5
of flow rate and pressure drop of the system [16]. In this study, 5 X - = with FCD g
pumping power for all the scenarios is calculated based on their E 4 . 4 %ofSavings | 60% 35
respective flow rates with the applied control strategy. As shown E :‘
in Fig. 6, the pumping power changes based on the system power s3 - 40% O
as FCDs are installed. Pump flow rate will be changed according - 2 b0
to the overall system requirements whereas the FCDs will control -~ L 20% t
the individual flow rate at the cold plate level. In a none FCD sce- 1 §
nario, the pumping power will be constant and is directly propor- ; e
tional to the maximum junction temperature of the highest- 0 - 0%
powered component in the overall system. The green line on top 0 0.5 1 15 2
of the chart in Fig. 6 represents the fixed pumping power line. In Power in KW

the application of this solution a centrifugal pump with a VFD
should be able to maintain the pressure and provide the required
flow rate. The PWM-type VFD normally uses a constant voltage
which is pulsed with integrated bi-polar power transistors (IGBT).
The sine wave is generated by varying the width of the pulses.
The frequency with which the transistors are turned on and off is
called switching frequency. The higher the switching frequency,
the better the reproduction of the ideal sine wave [21]. Using this
PWM signal, we can maintain the required flow rate at all times
as well as reduce the pumping power based on the demand for
cooling.

4.4 Pumping Power Savings. Figure 7 shows that there is
potential for saving the pumping power up to 64%, when com-
pared to fixed pumping power. The comparison of liters per
minute/kW between the two cases with and without FCD suggests

Flow rate change

Fixed pumping power
b -

4.0 3.E-02

\ = - 2.E-02
15 . - 2.E-02 e
\ =~ - 2E-02 T
E ‘; 0 AN - -4 'E
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= 38 > z
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. - 1LE-02 &

- - = Pumping power
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Fig. 6 Pressure versus outlet temperatures for different

components
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Fig. 7 Pumping power savings

that having an FCD will reduce the flow rate requirements. This
reduces the pumping power with the help of a VFD controlled
pump.

4.5 Partial Power Usage Effectiveness. Power usage effec-
tiveness has been widely adapted and used throughout as a stand-
ard efficiency metric for data centers. PUE is determined as the
total power consumed by the data center divided by the power
consumed by the IT load (useful work of the data center). Partial
PUE (pPUE) metrics can be developed to understand the effi-
ciency of specific subsystems and subsets of the data center.
pPUE of cooling systems can be expressed as shown in Eq. (6).
Based on the power consumption of the pump, the PUE will be
varying. With the test scenarios shown in the results we are able
to observe the PUE varying between 1.007 and 1.01. This is only
due to pumping power change.

Cooling Power + Server Load
pPUEcooling = ( £ )

(©)

(Server Power)

5 Conclusion

Implementation of a DCP is effective with a good control strat-
egy. In this study, a novel control strategy was developed and
tested to save overall pumping power at a rack and data center
level. The control strategy developed is tested using simulations
in 6SigmaET. Pressures are calculated for individual components
at 100% possible flow rate, and then cumulative pressure is given
as a pressure boundary condition to the system for the methodol-
ogy adopted. The controls are optimized to have only single sen-
sor input to control the VFD pump. Various possible powers are
varied and tested to show how dynamic cooling and FCD help
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save the pumping power. It is proven that the control strategy is
fully functional with the test setup developed in 6SigmaET. It is
shown that there is potential for saving the pumping power up to
64%, when compared to fixed pumping power. This helps us to
conclude that dynamic cooling along with the control strategy is
an efficient cooling solution for IT equipment cooling.
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Nomenclature

p = pressure (Pa)
v = velocity (m/s)
cep = 1.44
cer = 1.92
¢ = turbulent dissipation rate (mz/sz)
Gb, Gk = turbulence kinetic energies (mz/sz)
1L = viscosity ((Ns)/mz)
h = enthalpy of the fluid (J)
Hesr = effective viscosity ((Ns)/m?)
k = turbulence kinetic energy (m~/s”)
ut = turbulence viscosity ((N s)/mz)
S = source term
p = density (kg/m>)
Sh = volumetric heat source (kJ/(m3 s))

ge=1.2

ck=1

ot = constant
t = time (h)

T = temperature (°C)
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