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Adding 200 ppm of sodium dodecyl sulfate (SDS) can increase the heat transfer coefficient of the spray cold plate by 19.8%

Public summary
m The spray cold plate can meet the heat dissipation needs of compact and multiple heat sources.

m The strengthening effect of additives under the condition of spray cold plate is greatly weakened, but there are still some
concentrations of additives that have positive effects. For example, adding 200 ppm of SDS can increase the heat trans-
fer coefficient of the spray cold plate by 19.8%.

m The mechanism of additive strengthening was studied and the heat transfer correlation formula of additive acting on
spray cold plate was obtained. The maximum errors were 2.1%, 2.8% and 5.4% respectively.
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Abstract: The spray cold plate has a compact structure and high-efficiency heat exchange, which can meet the require-
ments of high heat flux dissipation of multiple heat sources, and is a reliable means to solve the heat dissipation of the next
generation of chips. This paper proposes to use surfactants to enhance the heat transfer of the spray cold plate, and con-
duct a systematic experimental study on the heat transfer performance of the spray cold plate under different types and
concentrations of additives. It was found that among the three surfactants, sodium dodecyl sulfate (SDS) can improve the
heat transfer performance of the spray cold plate, and at the optimal concentration of 200ppm, the heat transfer coefficient
of the spray cold plate was increased significantly by 19.8%. Both the n-octanol-distilled water and Tween 20-distilled wa-
ter can reduce the heat transfer performance of the cold plate using multi nozzles. In addition, based on the experimental
data, the dimensionless heat transfers correlations for the spray cold plate using additives were conducted, and the maxim-
um errors of dimensionless correlations for using additives were 2.1%, 2.8%, and 5.4% respectively. This discovery
provides a theoretical analysis and basis for the improvement of spray cold plates.

Keywords: heat transfer; additives; spray cold plate; dimensionless correlations
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1 Introduction enhancement effect, but the higher the concentration, the
worse the heat transfer effect. Das et al.”’ conducted experi-
ments with brine containing dissolved carbon dioxide and
found that the heat removal rate showed an upward trend, but
it decreased after the concentration exceeded 40%. Pati”
found that after adding NaCl to the spray, the hindrance of the
surface oxide layer to the heat transfer rate is weakened,
thereby enhancing the cooling effect. Khoshvaght-Aliabadi et
al. used numerical simulation and experimental methods to
study the effect of fins on the nanofluid heat dissipation sys-
tem!''"*1. However, the soluble gas is unstable, and the salt ad-
ditives are corrosive and easy to block the nozzle. Therefore,
our laboratory proposes the use of ionic and high-alcohol sur-
factants to improve the spray cooling heat exchange effect.
Cheng et al.'"*"! used n-octanol and 2-ethylhexanol as addit-
ives, and compared them with salt additives, and found that
both can significantly enhance the single-nozzle spray cool-

With the development of miniaturization and integration of
electronic components, the power density of electronic
devices increases sharply in recent years. It is reported the
power density of a chip made of gallium arsenide (GaAs) was
less than 100 W/cm’, while the power density of a common
chip made of gallium nitride (GaN) has reached 200 W/cm?".
However, the existing heat dissipation method can only
achieve a heat dissipation capacity of about 120 W/cm*".
Therefore, the heat dissipation of the chip becomes an urgent
issue and has caused widespread concern.Spray cooling is a
new and efficient cooling technology, which has the advant-
ages of high heat exchange efficiency, fast heat dissipation,
small thermal resistance, and good uniformity”™. The spray
cold plate adopts the spray cooling mechanism, which ar-
ranges multiple micro swirl atomization nozzles side by side
and integrates them on the cold plate, which solves the prob-

lems of small spray range of a single nozzle, limited spray ing heat transfer effect, but the performance of high alcohol
area and uneven droplet distribution. It can not only meet the additives is better. Chen' further explained the dynamic
needs of compactness and multiple energy sources, but also Leidenfrost temperature rise caused by high alcohol surfact-
achieve a heat exchange effect with a high heat flux density ants from the perspective of bubble bursting and coalescence.
of more than 200 W/cm?”. Zhang!” used high alcohol additives to conduct experiments
Additives can effectively enhance the heat and mass trans- and found that the heat flux and surface unevenness in-
fer effect of spray cooling, and its heat transfer enhancement creased first and then decreased, and the effect in the single-
effect on spray cooling has been widely recognized.At phase region was small, but it was greatly enhanced in the
present, the research on additives has mostly focused on salt two-phase region, and there is an optimal additive concentra-
additives and soluble gases or nanofluids. Wang et al.’ used tion at the same time. Li"* explained the effect of surfactants
potassium chloride (KCI) to conduct an open-loop spray cool- on spray characteristics and fluid properties from the per-

ing experiment and found that there is a certain heat transfer spective of numerical simulation.
4-1 DOI: 10.52396/JUSTC-2021-0152
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In summary, some additives can improve the heat transfer
performance of spray cooling. However, the previous studies
mainly investigated the effect of additives on the heat trans-
fer performance of single-nozzle and open-space spray cool-
ing, the heat transfer performance of multi-nozzle spray cool-
ing by using additives is relatively lacking, and the effect of
additives on the spray cooling performance in the case of a
closed small spray chamber is still unclear. Therefore, for im-
proving the heat transfer performance of the multi-nozzle cold
plate to meet the high-heat flux heat dissipation, this article
made an experimental study on the effect of additives on the
heat transfer performance of the compact spray cold plate,
and different types and concentrations of additives were con-
cerned. In addition, a new dimensionless heat transfer correla-
tion of the three additives was fitted to provide a criterion for
the theoretical analysis of the spray cold plate.

2 Experimental system and uncertainty
analysis

2.1 Structure of the spray cold plate

Fig. 1 is the physical picture and the internal flow channel
design of the spray cold plate. The micro swirl atomizing
nozzles are arranged in parallel and integrated on the cold
plate to cool the heat source installed on the back of the cold
plate. The front and back sides of the cold plate have 4 slots
for installing heat sources. The distance between the front and
back sides is 9 mm. The size of the spray cold plate is 380
mm (length) x 64 mm (height) x 9 mm (thickness). The heat
source adopts thick film resistors, the substrate is aluminum
nitride ceramic, the size of each heat source is 5 mm x 5 mm,
the resistance is 160 Q, the heat sources are connected in par-
allel, and each 4 heat sources correspond to one spray cavity,
and two spray cavities are used for experiment. The installed
object is shown in Fig. 1 a.

In this experiment, a miniature swirling atomizing nozzle is
used. The spray angle is 35°, the outer diameter is 6.5 mm,
the thickness is 5 mm, the outer flange diameter is 7.9 mm,
and the outlet aperture is 0.3 mm.The micro nozzles are fixed
on the top of the cold plate by thread, and every 4 nozzles are
a group, corresponding to a spray chamber, which realizes the
compact design.When working, the working medium flowing
into the water inlet flows over the cold plate, atomizes into li-
quid droplets through the nozzle, jets to the surface of the
cold plate, and then flows out of the water outlet through the
bottom of the cold plate, as shown in Fig. 1 b, the flow distri-
bution of each nozzle is relatively uniform.

2.2 Experimental system and working conditions

On this basis, an experimental platform for the spray cold
plate was designed and built, as shown in Fig. 2. The experi-
mental system includes liquid storage tanks, micro pumps, fil-
ters, buffers, cold plates, pressure swirl nozzles, thick film
resistors, plate heat exchangers, cryogenic thermostats, flow
meters, shock-resistant pressure gauges, data acquisition in-
struments, etc.

A flow meter and a shock-resistant pressure gauge are in-
stalled in front of the cold plate entrance. The range of the
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(b) Design of internal flow channel in spray cold plate

Fig. 1. Physical picture and the internal flow channel design of the spray
cold plate.

flowmeter is 0~60 L/h, and the range of the shock-resistant
pressure gauge is 0~150 Mpa. The T-type thermocouple is
used to measure the temperature of the heating surface. The
temperature measurement range is —200 ‘C~350 °C, and the
temperature measurement error is = 0.5 C. The experimental
conditions are shown in Table 1. The inlet pressure in the ta-
ble is the relative pressure.

The types and concentrations of additives used in the ex-
periment are shown in Table 1. The concentrations are mass
concentrations, and all working fluids are prepared and used
on site.The specific experimental operations are as follows:
O Clean the entire experimental system with distilled water,
and drain the distilled water after cleaning. @ Prepare differ-
ent concentrations of SDS, n-octanol and Tween 20 solutions,
and store them in stainless steel containers. & Turn on the
power of the low temperature thermostat, set the water tem-
perature in the thermostat to 15 “C, and control the temperat-
ure of the working fluid at the entrance of the cold plate by
adjusting the water flow through the heat exchanger in the
low temperature thermostat. @ Turn on the DC power switch
to supply power to the inlet and outlet micropumps, adjust the
pump power so that the flow and pressure at the inlet of the
cold plate reach the preset value, and it is observed that the
spray effect is good and the discharge is smooth. & Connect
the AC transformer to supply power to the heat source resist-
ance, and turn the knob to make the voltage at both ends of
the heat source reach the preset value. € Turn on the power
of the data acquisition instrument, and at the same time the
supporting software on the computer starts to collect the tem-
perature signal of the thermocouple. (D When the temperat-
ure value of the thermocouple changes less than 1 ‘C within
10 minutes, it is considered that the entire experimental sys-
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Fig. 2. Spray cold plate experimental system.

Table 1. Experimental conditions.

Fluid reservoir

Heat exchanger

Water bath

Table 2. Measurement error of each measurement parameter.

Category Value Parameters Measurement error
Ambient temperature (‘C) 18.0 Temperature (C) +0.5
Environmental pressure (MPa) 0.1 Pressure (MPa) +0.002
Inlet pressure (MPa) 0.1 Voltage (V) +0.5
Working fluid flow (L-h™") 53.0 Flow (L-h™") +0.1
Inlet temperature ('C) 15.0 Current (mA) +1
Nozzle diameter (mm) 0.3 Length (mm) +0.1
Types of additives SDS, N-octanol, Tween20 .
Additive concentration (ppm) 100 /200 /300 / 400 h= qu_ T 3)

tem has reached thermal equilibrium, record the data, and ad-
just the transformer for the next round of experiments.
After a whole set of experiments, stop supplying power to the
heat source, and when the surface temperature of the cold
plate drops below 20 “C, turn off the inlet and outlet micropu-
mps and the cryogenic thermostat. (@ Clean the entire experi-
mental system with distilled water. After cleaning, drain the
distilled water and proceed to the next set of experiments.

2.3 Uncertainty analysis

In this experiment, a thick film resistor with aluminum ni-
tride substrate is used as the heat source, which is connected
to the shell by welding. Its thermal conductivity is high (170
W/(m-k)), the area of the heat source is small, and the back-
side is covered with thermal insulation material, so the heat is
mainly dissipated by the spray cooling of the cold plate, and
its power is calculated by

P=UI (1)

where U and 7 are heating voltage and current respectively.

The heat flux density is calculated by
q’ = P/A, = UI/A, )

where 4,, is the area of the heating surface.
The heat transfer coefficient is calculated by

4-3

where T, is the surface temperature of the heating surface,
and 7}, is the inlet temperature of the working fluid.

The measurement error of each measurement parameter is
shown in Table 2. According to the uncertainty transfer for-
mula:

“4)

The uncertainty of main parameters discussed in the heat
exchange correlation section can be calculated, which is
shown in Table 3.

3 Experimental results and discussion

Using different concentrations of SDS-distilled water, n-
octanol-distilled water, and Tween 20-distilled water as cool-
ing fluids, experiments were carried out using the spray cold
plate experimental system introduced above to explore the ef-
fect of additives on the heat transfer performance of the spray
cold plates.

3.1 Influence of the concentration of additives on the
heat transfer performance of spray cold plate

The cooling curve and heat transfer coefficient curve under

different additive concentrations are shown in Figs. 3~5. It
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Table 3. The uncertainty of main parameters.

Parameters Uncertainty
q" (W-cm?) +1.4%
h(W-em™K™) +1.5%
Nu +2.5%
Re +0.7%
Pr +2.5%
w, +0.2%
& +0.8%

can be seen from the figure that the heat flux density and the
surface temperature of the cold plate are generally linear, in-

dicating that within the temperature range of the experiment,

350
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2
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5} concentration
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Fig. 3. Cooling curve and heat transfer coefficient curve under different SDS concentration.
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each working medium has not reached its saturation temperat-
ure, and the spray cooling is in the single-phase zone. In addi-
tion, it can be seen that the adding of part of the concentra-
tion of SDS significantly improves the heat transfer effect of
the spray cold plate, among which 200 ppm SDS has the best
heat exchange effect, followed by 100 ppm. The heat ex-
change effect of 400 ppm is only slightly better than that of
distilled water. The addition of 300 ppm SDS makes the heat
exchange effect of the spray cold plate worse, that is, with the
concentration of additives increase, the heat exchange per-
formance shows a phenomenon of first getting better and then
getting worse. Considering the optimal concentration of 200
ppm, when the surface temperature of the cold plate is 30 C,
55 °C, and 80 C, the heat transfer coefficient is increased by
27.10%, 13.71%, and 18.55%, respectively.

»
>
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Fig. 4. Cooling curve and heat transfer coefficient curve under different n-octanol concentration.
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Fig. 5. Cooling curve and heat transfer coefficient curve under different Tween 20 concentration.
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Different from the effect of SDS, the addition of n-octanol
increases the surface temperature of the cold plate and thus
reduces the heat transfer coefficient of the cold plate, shown
in Fig. 4. Among the three concentrations, 200 ppm n-octan-
ol has the best heat exchange effect, and 100 ppm has the
worst heat exchange effect, but all have worse heat exchange
effects than distilled water. For the concentration of 200 ppm,
when the surface temperature of the cold plate is 30 C, 55
‘C,and 80 C, the heat transfer coefficient is reduced by
9.66%, 7.43%, and 3.48%, respectively. The addition of
Tween 20 also significantly weakens the heat exchange of the
spray cold plate, although the 300 ppm Tween 20 showed the
best performance, the heat transfer coefficient is reduced by
29.37%, 28.51%, and 17.94% respectively with the cold plate
surface temperature at 30 ‘C, 55 °C, and 80 ‘C, respectively.

3.2 The effect of spray cold plate on the strengthening
effect of additives

To specify the difference in the effect between the cold plate
using multi nozzles and single nozzle, the experimental com-
parison was made, shown in Fig. 6. The optimal concentra-
tion of SDS, n-octanol and Tween 20 were selected as 200
ppm, 200 ppm and 300 ppm for the cold plate and it were 800
ppm, 200 ppm and 45 ppm for a single nozzle!*". It can be
clearly seen from the figure that compared to the single
nozzle, the effect of additives on spray cooling has been
greatly weakened by using the cold plate.It could be mainly
because that the drainage problem could generate in the small

60
—_ 49.5 l:l Single nozzle!'""!
Ei Spray cold plate
% 404
5
% 28
S 19.8
< 207 14.9
S}
=]
Q
g 0
>
%
E -6.9
=20
| , , -25.3
SDS N-octanol Tween20
additive

Fig. 6. Comparison of results between spray cold plate and single nozzle.
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=
‘B
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.,>_
0.98+ — SDS
— = N-octanol
Tween20
0.96 T T T T T T
0 100 200 300 400 500

Additive concentration(ppm)

closed spray cavity of the compact micro-nozzle array cold
plate with high foaming additives. The three additives used in
the experiment have a lower density than water and they are
partially miscible, so it is easy for them to float on the sur-
face of the working fluid, increasing the flow resistance and
viscosity, and the foaming property is extremely enhanced. In
the single-nozzle experiment!”'", the heating surface is an
open platform, the liquid film stays on the heating surface for
a short time and the spray flow rate is small. In the environ-
ment of the spray cold plate enclosed small spray cavity,
foaming makes the drainage effect sharply worse, and the li-
quid film continues to accumulate, causing the droplets hit-
ting the heating surface to dissipate heat and the convective
heat exchange between the liquid film and the heating sur-
face is greatly weakened, so the heat exchange effect be-
comes poor.

3.3 Physical properties of additives and their effects on
spray characteristics

The additives used in the experiment are at the level of ppm,
so the density, latent heat, boiling point and other physical
properties of the working medium have no obvious changes.
Fig. 7 shows the viscosity changes and the surface tension
curves of each additive at different concentrations. It can be
seen that the viscosity increases with the increase of the con-
centration at low concentrations, and no obvious change after
reaching a certain concentration, which increases by 9.7% at
most compared with water. It can also be seen that the sur-
face tension decreases significantly with the increase of the
concentration, and tends to be stable after reaching the critic-
al micelle concentration (CMC). CMC of SDS and Tween 20
was 150 ppm and 400 ppm respectively, while n-octanol did
not reach the CMC point. The physical properties were meas-
ured at 25 C.

Additives are substances that are slightly soluble in water,
act on the water surface and form agglomerates in the water
body. It mainly affects heat transfer by changing the surface
tension of water. According to the mechanism of droplet
breaking, the condition of droplet breaking is that 7, is great-
er than W, (critical Weber number), and the Weber number is
inversely proportional to the surface tension o, so the smaller
the surface tension, the larger the Weber number, the easier
the droplets are broken and atomized into small liquid drops.
In addition, the reduction of surface tension can reduce the

75
70+
65
60
55+
50+
451
401
354 N
30 )

—— SDS
— — N-octanol
Tween20

)

Surface Tension(mpa

100 200 300 400 500

Additive concentration (ppm)

0

Fig. 7. The change curve of additive viscosity and surface tension with concentration at 25 C.
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solid-liquid contact angle, improve the spreadability and wet-
tability of liquid droplets on the heating surface, and is condu-
cive to boiling heat transfer. When the promotion effect is
greater than the above-mentioned weakening effect, the over-
all heat exchange performance of the spray cold plate appears
to be enhanced, so there is still a partial concentration of SDS
that has a positive effect on the heat exchange performance of
the spray cold plate.

4 Dimensionless correlations for spray
cold plate using additives

The spray cooling in this experiment is in a single-phase
zone, and the heat transfer characteristics are mainly affected
by the spray characteristics, the physical properties of the
working fluid, and the temperature. It can be represented by

f(ha D’kapa ﬁvd_vﬂ’o-’ CpaTina Twrf» Tsat) = 0 (5)

Among them,/ is the convective heat transfer coeffici-
ent(W/(m?*-K)), D is the width of the heating surface (m), k is
the thermal conductivity (W/(m'K)), p is the fluid density
(kg/m?), @ is the average droplet velocity (m/s), d is the aver-
age sauter diameter of the droplet (m), u is the viscosity coef-
ficient (Pa's), o is the surface Tension(N/m), C,, is the specif-
ic heat capacity of the working fluid(J/(kg-m?)),T}, is the inlet
temperature of the working fluid(‘C), T, is the surface tem-
perature of the cold plate (C), Ty, is the saturation temperat-
ure of the working fluid(‘C).

Introduce five dimensionless parameters: Nusselt number

hD d
Nu = —, Reynolds number Re = li, Weber number W, =

=2

C . .
, Prandtl number Pr= %,u’ dimensionless temperature
o
T =T

. Get the new correlation as
Nu = f(Re,W,,Pr,&) (6)

The heat transfer correlation equations of the three addit-
ives are obtained by fitting, and the form is as

Nu=A-Re’- W -Pr’-(E+&")

sat

(7)

The heat transfer correlation coefficients of the three addit-
ives are shown in Table 4, and the fitting curves are shown in
Figs. 8~10. It can be seen from the figure that the calculated
value of the heat transfer correlation equation fits well with
the experimental value, and the maximum error is 2.1%,
2.8%, and 5.4%, respectively.

5 Conclusions

For improving the heat transfer performance of multi-nozzle
cold plate to meet the high-heat flux heat dissipation, this art-
icle made an experimental study on the effect of additives on
the heat transfer performance of the compact spray cold plate,
and different types and concentrations of additives were con-
cerned. In addition, a new dimensionless heat transfer correla-
tion equation of the three additives was fitted to provide a cri-
terion for the theoretical analysis of the spray cold plate. The
main conclusions are as follows:

The addition of a partial concentration of SDS has a cer-
tain effect on improving the heat transfer performance of the

4-6

3300
Nu=-1.815-Re"'"We " Pr*13(-4.891+502%)
32004
3100
3000
=
Z
2900+ .
R concentration cxp. num. of SDS
2800 ,'/. Oppm ® ——
* 100ppm = — =
4 200 b
2700 ’ J0ppm ® -
- 400 ppm
2600 T T T T T T T
01 02 03 04 05 06 07 038
Dimensionless temperature &
Fig. 8. Fitting curve and experimental value of SDS.
3300 - N
NUZZZSQRC- U.\7WCU 11()|Pr(l.7)<3((_lA0+El IK_)
32004
31004 ;
3000+ "
5 2900-
Z
2800+
2700 v Concentration exp. Num.
/. of N-octanol
2600 1 4 0 ppm LI
4 100ppm ® — =
2500 1 = 200 ppm
400 ppm
2400 T T T T T T T T
01 02 03 04 05 06 07 08

Dimensionless temperature &

Fig. 9. Fitting curve and experimental value of n-octanol.
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Fig. 10. Fitting curve and experimental value of Tween 20.

spray cold plate. In this experiment, the optimal concentra-
tion of SDS is 200 ppm, which increases the heat transfer ca-
pacity of the spray cold plate by 19.8%. Both the addition of
n-octanol and Tween 20 weaken the heat transfer perform-
ance of the spray cold plate. The optimal concentration of n-
octanol is 200 ppm, which reduces the heat transfer capacity
of the spray cold plate by 6.9%; the optimal concentration of
Tween 20 is 300 ppm, which weakens the heat exchange ca-
pacity of the spray cold plate by 25.3%. This result is com-
pletely different from the single-nozzle additive experiment.
In this experiment, the reason that the additives will greatly
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Table 4. The coefficient of heat exchange correlation of each additive.

coefficient
Additives
A B C D E F
SDS —-1.815 1.167 0.089 0.150 —4.891 —0.253
N-octanol 2259 2.057 0.061 0.788 —1.000 1.182
Tween20 0.295 1.198 —0.382 2.106 0.387 0.218
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