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error is also estimated using a method of grid convergence index (GCI) which is performed
based on four mesh grids. GCI indicated the maximum uncertainty at each mesh grid stating
that the solution are within asymptotic range of convergence [31]. Mesh 4 is chosen as a good

trade-off between accuracy and computational time.

(b)

Fig. 1. (a) Intel server board S2600TP and (b) sample CFD simulation temperature
distribution (air-cooled situation) at 20500 RPM, heat power at CPU, RAM modules, chipset

and BMC is 145W, 100.8W (6.3W per each), 7W and 1.5W accordingly and simulation grid.
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Table 1. Mesh independence study results
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1 1 N/A 28
2 1.36 1.36 30.6 9.1
3 1.8 1.32 31.8 4.04 1.039
4 2.45 1.36 36.5 1.09
5 3.29 1.34 36.8 0.07 1.008

2.2. Experimental validation

The experimental validation aims to check the global quantities such as the pressure drop
and flow rate and not the local quantities such as velocity fields. The validation is strictly
hydraulic in isothermal conditions. The experimental set up consists of a power supply (1),
server board, differential pressure transducer (2), flow rate sensors, and a data acquisition
system (DAQ) (3) as shown in Fig. 2. The internal three fans [32] boost the room temperature
air through the server board at rotational speed of 2,500-20,500 RPM which corresponds to
flow rate of 8.8-72.4 cubic feet per meter (CFM). In order to measure the pressure drop across
the channel, two pressure taps are installed at the inlet and outlet of the server. The flow sensor
is mounted at the server outlet and fixed by means of a 3D-printed mount. The data is logged
through National Instruments DAQs controlled through LabVIEW. Additionally, a 70 cm long
smooth duct is attached at the server inlet to establish hydrodynamically fully developed flow
at the server inlet. According to [33] the hydrodynamic entrance length in the turbulent flow
becomes insignificant beyond a pipe length of 10 times the hydraulic diameter (D), =
4A/P=6.5cm). At the end, the full system is properly insulated to prevent any additional air to
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be sucked in. The obtained experimental results are compared with 2D and 3D simulations as
well as with the server fan data sheets [32], as shown in Fig. 3. 2D and 3D simulations and fan
server data sheet results show a reasonable agreement with experimental data, with a maximum

deviation of 22%, 23% and 18%, respectively.

Maximum deviation of 23% between both 3D and 2D simulation, and experimental results
occurs at the lowest flow rate. This increased error can be contributed to a number of different
factors. Firstly the differential pressure transmitter/transducer performance is expressed as a
percentage of max calibrated span or full scale, which states that the error contribution of the
differential pressure transmitter increases as the flow rate/differential pressure drops. For
example, according to data sheet, the differential pressure transmitter uncertainty is +/-0.20%
of flow rate at maximum rate; it changes to +1.27/-1.28% of flow rate at the minimum rate. At
the lowest flow rate, the pressure discrepancy between simulations and experiments (23%) was
found to be below 2 Pa, well within a reasonable range. Secondly, the simulations cannot
capture the complex and rather rough surface of the server board which would contribute to an

increased pressure drop.

Power
supply
(1)

Insulation Server board

Inlet [§ ‘v  EER | i - DAQ
— L . (3)

Insulation

Pressure 3D printed
sensor flow meter
(2) holder

Fig. 2. Experimental setup
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Fig. 3. Experimental validation results (for fans speed ranges 2,500-20,500 RPM)

2.3. Numerical optimization approach

In the layout optimization scenario, the CPUs are assumed to be liquid cooled and therefore
thermally excluded from the simulation. The aim here is to optimize the air cooling of the
remaining components, i.e. the DIMM modules. The CPU heatsinks are removed, and the
presence of the liquid-cooled cold plates is assumed to have no significant effect on the air flow

due to their significantly reduced profile.

The optimization process consists of the variation of four parameters, such as the top
upstream DIMM angle A, downstream DIMM angle B, the cross-stream distance between
DIMMs C and the mass flow rate (parameter D), as shown on Fig. 4. At the inlet to the server,
air is blocked from entering the central region (containing the CPUSs) by a deflection wall (Fig.
4). The open inlet area varies with the angle A since the deflection wall ends at a distance of 7
mm from the leading edge of the bottom upstream DIMM, as illustrated in Fig. 4. The dashed
red lines indicate the DIMM direction when A > 90°. The range of the parameters is

summarized in Table 2.
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Fig. 4. Numerical optimization parameter definition

2.4. MOGA optimization procedure and EGM technique

Figure 5 depicts the block diagram of MOGA execution. Firstly, the initial population
containing Npop=50 is generated. Then the values of the objective functions are obtained for
the initial population and evaluated based on the optimization criteria. If the criteria is satisfied
then MOGA produces a set of optimal Pareto solitons. However, if the optimization criteria are
not met, then based on the reproduction, which includes the crossover and mutation, a new set

of candidates is created for evaluation. The procedure is repeated until the optimum solution is

Create initial random
population

I

New candidates Fitness function evaluation

found.

Is the
optimization
criteria

atisfied?

YES

Reproduction (mutation and
crossover)

Optimum result output

l
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Fig. 5. The flow chat of optimization procedure

Table 2 includes the design parameters range at which the MOGA optimization analysis
is considered. Also the maximum allowable temperature constraint of 90°C for DIMM modules
is introduced according to [34]. The referenced values of the baseline parameters are taken

from the relevant Intel datasheet [30].

Table 2. Overview of the design parameters and thermal constraints

Parameter Range Reference (baseline server)
Upstream/downstream DIMM angle A and B 85-95° 90°
DIMM spacing C 10-15mm 10mm
Mass flow rate (parameter D) 20-24CFM (0.15-0.18Kkg/s) up to 90CFM (0.675kg/s)
Maximum DIMM temperature 90°C 90°C

The optimization process in Table 3 includes the following goals, constraints and
corresponding objective functions, aimed at maximizing the waste heat recovery potential and

the coefficient of performance while safeguarding reliability.

Table 3. Overview of the optimization goals, objective functions and constraints

Goal Objective function Constraint
1. Minimise DIMMs surface temperature minimize Sar i
2. Minimize the entropy generation rate in an external air/liquid heat minimize SAT,ext
exchanger at the outlet of the server Keep the maximum DIMM
3. Minimize the pumping power minimize S'Ap temperature within the margin
4. Maximize the average outlet temperature maximize T,y g0 of 90°C

EGM is an established method of the optimization, where the objective function is the sum
of the entropy generation rate due to heat transfer S'Amnt + S'AT,ext and the entropy generation

rate due to the fluid friction S,,, as follows:
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where Np;yp is the number of DIMMSs (Np;y,=16) and Np;pis number of chips per

DIMM (N¢pip=16). T;, =300K. T,,, is the wall temperature.

The entropy generation rate due to fluid friction S'Ap is defined as

_Apud
o Tin

)

A rear door heat exchanger is assumed in this work to be mounted on the back of the server
to capture the heat of the hot air coming out from the board server and transports it to the chilled
water, as shown in Fig.6. This rear door heat exchanger could be a finned coil air/liquid heat

exchanger where the fins help to increase the air-side heat transfer area [35].

Rear Door Heat Exchanger
/ \ s =

Nt EE———

Air flow

T
(

Front Back |l - I
cold hot
L
N

Fig. 6. Rear door heat exchanger
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To evaluate the potential of heat recovery from the air stream, the term Spg ey iS
introduced by this study, representing entropy generation rate in an external air/liquid heat

exchanger at the outlet of the server:

Sarext = Z Qi(T"”;"Z_ Titex) 3)
i HEX

The outlet location is divided into a total of N = 29 parallel plates, with the distance
between plates equal to 0.003m. At each plate i = 1 ... N, a part of the air stream transfers its
heat g; at the temperature T,,,; to the heat exchanger which is at a constant temperature
Tye x = 291K [35]. Tout,i is the local air temperature, evaluated from CFD results at the outlet
location y;. Where q; = hAAT and h = Nu - k/Dy,, where Nu, Nusselt number, is for laminar
flow between two parallel surfaces is defined from [36] with D,, as twice the distance between

the plates. The total entropy generation rate is the sum of the above mentioned components of

entropy generation:

Sgen = SAT,int + SAp + SAT,ext (4the)
3. Results

3.1. NLPQL and MOGA comparison

Both non-linear programming by quadratic Lagrangian (NLPQL) and the MOGA method
were employed to optimize the server parameters with the single objective of minimizing Sgen
together with the constraint of keeping the DIMM temperature below 90°C. NLPQL is a
gradient-based method which might not find the global optimum solution without a good
starting point. As such, the Screening Direct optimization is performed first and then the results
are used as the starting point in NLPQL [10]. The best candidate solutions from both methods

are highlighted in Table 4. The solutions from both optimization approaches are in reasonable
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agreement with each other. This verifies the potential of the MOGA method, which will be

used in the remainder of this article for a multi-objective optimization.

Table 4. Candidate solution comparison for single objective optimization

Parameters and outputs Candidate solutions
NLPQL MOGA
Flow rate D, kg/s 0.179 0.169
Spacing C, mm 10.14 10.13
Sgen, W/K 0.216 0.228
Tmax, K 362.1 361.6

3.2. Local and global sensitivity analysis

The sensitivity analysis reflects the parameter influence on the optimization targets. The
higher the parameter sensitivity coefficient, the greater the impact it has on the output. Hence,
the sensitivity analysis helps to determine the dominant parameters. There are two types of
sensitivity charts: local and global. The local sensitivity calculates the outputs based on the
change of inputs independently. The local parameter sensitivity is based on the difference
between the minimum and maximum values obtained by varying one of the input parameter
while holding the remaining parameters constant. It means that the local sensitivity depends on
the input parameters which are held constant. In this study, the input parameters which are held
constant are the manufacturing values of the baseline server. The global sensitivity is based on
the correlation analysis of the generated sample point which are located throughout the entire
space of input parameters. It means the global sensitivity does not depend on the input
(manufacturing) value since all possible values of the inputs have been considered during the

analysis.

3.2.1 Local sensitivity of input parameters on optimization targets
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Figure 7 shows the local sensitivity trend while Fig. 8 shows the detailed analysis of the
local sensitivity stating the actual values of the input/output parameters at the different points.
In order to see the impact of input parameters on air flow temperature uniformity at the outlet

of the server, the term AT,,,; is introduced and added to Fig. 7-9. From Fig. 8 DIMM angle A

has a noticeable positive impact on S'Ap and less significant influence on Sar ... The positive
impact means that S‘Apand Sar.extincreases with A. These impacts are opposite to our

optimization goals.

An increase in DIMM angle B decreases Sar i, more significantly with less penalty in S'Ap
as compared with DIMM angle A. However as DIMM angle B increases it also contributes to
the flow and temperature non-uniformity AT,,;. In a heat exchanger due to heat transfer, the
temperature gradients take place between cold and hot fluids and in the wall separating the
fluids. In most of the heat exchanger’s heat transfer and pressure drop calculations, the inlet
flow and temperature distribution are considered to be uniform, however this assumption could
not be accepted as the realistic one. In practice, the air flow and temperature distribution are
non-uniform. This non-uniformity has an impact on thermal and hydraulic deteriorations.
Temperature uniformity is simply defined as difference between min and max temperatures at

the outlet of the server or the inlet to heat exchanger.

The spacing C has a negative impact on AT,,,.and a positive impact on Ty, 4, Which is in
line with the optimization targets. This happens while Sy7;,, dramatically increases with C

which has an adverse effect on optimization targets.

Mass flow rate D has a considerable negative sensitivity coefficient on all objectives apart

from S,,,. The higher the flow rate, the smaller Sar e, ATy and Sz exe Which corresponds to
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3.2.2 The global sensitivity of input parameters on optimization targets

The global sensitivity chart is slightly different from the local one (Fig. 9). However, the
main trends are kept the same. The highest effect among all input variables on the optimization
targets has mass flow rate D followed by DIMM spacing € and DIMM angle A. The least
influenced parameter is DIMM angle B. An increase in flow rate D is in line with all
optimization goals by neglecting the T, 4, due to small range of change. However the
increase in S'Ap is a penalty for the improved optimization goals. An increase in DIMM spacing

C can decrease this penalty but at the price of degrading other outputs.

2
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o 0 = : ==
= N
=.0.5
o

-1

SAI int SAI ext Sdp Tour, av 4 ]:mr

BDIMM angle A ©“DIMM angle B 8DIMM spacing C 1 Flow rate D

Fig. 9. Global sensitivity of input parameters on optimization targets

3.3. Optimization effect on EGM and T, ¢ 4,

Fig. 10 illustrates the obtained Pareto-optimal front for the optimization goals. The Pareto-
optimal front is a set of non-dominated solutions where all solutions are considered equally
good and none of the objective functions can be improved without worsening the other one.
However, by including a subjective preference, i.e., using a single goal on any of the
optimization goals, the green dots would be considered the best compromise based on EGM

and Tyt qp, Maximization targets.
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3.4. Optimization effect on AT,,,; uniformity

Fig. 11 shows the average outlet temperature T, 4,, (dashed line) and AT, uniformity

(solid line) of the baseline and optimized server layout selected based on the highest possib

le

AT, uniformity. Only a slight increase in Ty, 4,,iS Observed in the optimized server layout,

the improved geometry of the server with respect to the baseline, the entropy generation rat

and temperature uniformity ratio are introduced and defined as Sg = 1 — S¢ot/Sh, AToutr

while the AT, uniformity is more affected. In order to measure the thermodynamic effect of

io

1— AT, /ATpyep . Table 5 summarizes a few examples of some improved geometry

compared to the baseline. According to it, Sz may decrease by up t015% and the temperature

uniformity, AT,,,. r Which defines the waste heat quality by up to 42%.
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£0.13
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<0.11 : _
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0.09 : .

: —optimized

0.07

300 302 304 306 308 310 312
Outlet temperature, K

Fig. 11. Outlet temperature profiles showing Ty, 41, and AT, uniformity for the baseline

and optimized server

Table 5. Comparison of the optimized server with the baseline one

Geometry Input parameters Sarine: Sap WK Sarese, Sgens ATpue, K Touraw s Sp%  ATguer,
W/K WIK W/K K %
Baseline A=90°C 0.22907 0.0058 0.0268 0.2677 12.0 304.25
B=90°C
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C=10mm

D=0.2237kg/s

Geometry 1~ A=92.78°C 0.18926  0.01172 0.0266 0.22765 9.3 304.97 15 225

B=87.075°C

€=10.284mm

D=0.1791kg/s

Geometry 2~ A=94.78°C 0.1996  0.0109 0.0249 0.2355 7.1 304.52 12 42

B=90.41°C

C=12.784

D=0.1797kg/s

Geometry 3~ A=94.38°C 0.18945 0.0136 0.0264 0.2295 8.4 304.93 14 30

B=94.483°C

C=11.066mm

D=0.1767kg/s

4. Conclusions

In the present study, an internal layout optimization for a hybrid air/liquid cooled data
centre server is performed using the MOGA approach. Entropy generation minimization and
an average outlet temperature T, 4,, Maximization are specified as the optimization goal. The
effect of DIMM angles A and B, cross-stream distance between DIMMSs C and mass flow rate
D are also investigated. In order to evaluate the potential of the waste heat recovery the term
Sar ext Was introduced in this study. The effect of air flow and temperature non-uniformity,

AT ,,,; is considered and monitored. The following conclusions are made during the analysis:
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e The flow rate is found to be the most dominated input parameter, followed by
DIMM spacing € and DIMM angle A accordingly. The least influenced parameter

is DIMM angle B;

e An increase in flow rate is in line with the optimization goals but it costs an

essential increase in S‘Ap_ An increase in DIMM angle A is also noticeably

contribute to the Syy;

e Anincrease in DIMM spacing C can curb the growth of S‘Ap with increasing angle

A, but it markedly contributes to Sar ;:Which is counter to the optimization goals;

e All input parameters do not significantly change the range of T,y q,. The
difference in T gy 4, IS Within few degrees between the baseline and optimized

Server,

e The visible contribution on AT ,,,; uniformity during the optimization are made by

an increase in all parameters except DIMM angle B;

e Overall the decrease in EGM due to server layout optimization ( Sg) could be as
high as 15%, while the quality of the waste heat due to temperature uniformity

AT 5y g Might reach up to 42%.

The MOGA approach shows a great potential, making it a suitable tool for hybrid-cooled
data server layout optimization design. The server layout optimization design seems a
promising way of improving the data centre cooling system reliability and also increasing the
potentiality for waste heat recovery. The future research direction is considered as the

investigation of the cooling optimization measures at the rack level.
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