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Subcooled flow boiling heat transfer of carbon dioxide (CO,) at the microscale near the critical pres-
sure is experimentally studied. The onset of nucleate boiling and the local heat-transfer coefficient are
obtained under 26 experimental conditions, consisting of 17 sample points each, yielding 442 data points.
Excess temperatures of about 1 K at the onset of nucleate boiling and heat-transfer coefficients of up to
200 kW/m? K are recorded. The heat-transfer coefficient and the onset of nucleate boiling models and
correlations developed for low reduced pressures are compared to current experimental results. Modifica-
tions to these models are introduced to account for conditions pertinent to reduced pressures around unity.
Overall, the correlations do not fully capture current measurements, suggesting that the physics of flow
boiling heat transfer near the critical conditions exhibits some unique characteristics. Furthermore, it is
observed that the experimentally obtained heat-transfer coefficient is better predicted by a model devel-
oped for flow boiling of CO,. However, with increasing pressure, deviations between experiments and

predictions increase.
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I. INTRODUCTION

Carbon dioxide (CO;) has long been used in various
industries, such as the food and beverage industry, the
oil and gas industry, and the manufacturing and construc-
tion industry. In its supercritical state, it has been recently
studied as a potential fluid for Brayton power cycles. Con-
currently, a century-long effort revealed many of the char-
acteristics of flow boiling heat transfer under a range of
flow and thermal conditions. Since early 2000, it has been
researched at the microscale. However, thermal engineers
have been reluctant to integrate microchannel flow boiling
in their systems because of flow instabilities, the critical
heat flux (CHF) condition, and inconsistencies between
available correlations. Recent results [1] suggest that these
issues can be resolved with CO,, especially at reduced
pressures close to unity. Nevertheless, besides a couple of
studies at reduced pressures of up to 0.87 [2—6], not much
is known about flow boiling heat-transfer characteristics
under such conditions.

Flow boiling scientists seek to obtain data and reveal
the underlining physics controlling the onset of nucleate
boiling (ONB), two-phase heat-transfer coefficient (HTC),
and CHF condition. Flow morphologies and a range of
other effects, such as flow instabilities, have been meticu-
lously documented and modeled. Frequently used models
to predict ONB include Hsu’s model [7], the Davis and
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Anderson model [8], and the Lienhard correlation [9].
Numerous correlations and models have been developed
to predict the two-phase HTC. Several of the more notable
ones include the Shah correlation [10], Kandlikar’s cor-
relation [11], and the Cheng correlation [6]. They were
developed based on experimental results at lower reduced
pressures and applied to boiling numbers that were, for the
most part, below those pertinent to CO, near the critical
condition.

Despite many years of research, flow boiling near the
critical condition at the microscale has rarely been studied,
and data pertinent to heat transfer are missing. There-
fore, knowledge about the mechanisms controlling the
heat-transfer process under such important conditions is
lacking. This study seeks to address this shortcoming by
providing experimental data about the onset of nucleate
boiling and the heat-transfer coefficient of microscale flow
boiling of carbon dioxide near its critical condition. A
comparison with the correlations mentioned above that are
developed for lower reduced pressures, lower boiling num-
bers, and larger channels is made in an attempt to assess
their validity for CO, near the critical condition.

II. EXPERIMENTAL METHODS

A. Microfluidic device

The current microfluidic device is constructed from two
substrates [Fig. 1(a)]. The 0.1 mm high and 2 mm wide
microchannel is housed in the top 5-mm-thick piece, and
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FIG. 1. Microfluidic device
assembly. (a) Top and bottom
fused silica pieces that form the
microchannel and the inlet and exit
manifolds. (b) The metallic layers
that form the preheater, heater, and
RTDs on the bottom piece. (¢) The
positions of the RTDs concerning
the heater and preheater.
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the bottom 500-pum-thick piece includes all electrical cir-
cuits. Fluid enters through the inlet port on the top piece,
flows inside the microchannel, and exits through the outlet
port. Metallic layers on the bottom piece’s surface form a
preheater, a heater, and four resistive temperature detectors
(RTDs), as shown in Fig. 1(b). The top piece is made from
fused silica to enable optical access to the flow inside the
microchannel. The heater is placed 5.75 mm downstream
from the inlet to ensure fully developed hydrodynamic
flow. The RTDs are positioned according to the dimen-
sions given in Fig. 1(c). Strength analysis is performed to
ensure the device’s structural integrity at the required oper-
ating pressures and is validated with the device pressurized
to 1.5 times the designed operating pressure for 10 min-
utes (no fracture or leakage is detected during and after the
test).

1. Microfabrication of the bottom piece

In the bottom piece’s microfabrication process, tita-
nium, platinum, and aluminum are deposited on top of
the fused silica substrate to form the preheater and the
heater. Photolithography processes transfer the design pat-
tern onto the wafer. Subsequently, excess aluminum is
removed using a wet etching process. Platinum and tita-
nium are shaped using dry etching, and a 1.2 um silicon
oxide coating then insulates the heater and preheater. Sim-
ilar microfabrication processes are repeated with different
patterns to form the RTDs and their electrical connections.
They are then covered with another silicon oxide layer for
mechanical protection and electrical insulation. The upper
silicon oxide layer is chemical-mechanically polished to

Flow direction

enable intimate contact between the top and bottom pieces
and prevent flow leakage. Next, the silicon dioxide layer
is etched at the contact pad areas to allow electrical con-
nectivity between the microdevice, the power supply, and
the data acquisition unit. Finally, the wafer is cut into
individual bottom pieces.

B. Experimental rig
1. Pneumatic setup and sampling setup

In the open-loop experimental setup (Fig. 2, left), CO,
is delivered from a high-pressure tank at state 1 to a pres-
surizing vessel at state 2 through a filter, a check valve,
and a three-way valve. This vessel, with a separating pis-
ton, allows control of the CO, pressure before it enters
the microchannel. The pressure is regulated using nitro-
gen gas that resides on the piston’s other side (state 3).
When CO, at state 3 reaches the desired pressure, the
three-way valve and the ball valve (state 4) are opened to
allow flow through an external preheater (Q;) before enter-
ing the microchannel through the package. Pressures at
states 5 and 6 are measured using inlet and exit transducers
made by Omega Engineering® (Model PX309-5KG5V).
The exit pressure and the mass flow rate are controlled by
two metering values (states 7 and 8). The metering valves
have heating elements to prevent the solidification of CO,
due to the Joule-Thomson (JT) effect. Before leaving the
experimental setup to enter the ambient air, the flow rate
is measured using a mass flow meter (state 9) made by
Alicat® (Model M-20SLPM-D®).

The sampling setup consists of a microscope, a high-
speed camera (Phantom® MIRO 310M®), a power
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FIG. 2. Left: Schematic of the pneumatic experimental setup that enables independent control of the pressure and mass flow
rate. Right: Schematic of the sampling setup consisting of a microscope, a high-speed camera, and a data acquisition system that
synchronizes the images with transient surface temperature measurements.

supply (Kysight®, E3645A®), multimeters (Agilent®,
34410A®), a breakout board, and sampling hardware
(National Instruments®, SCXI 1000®> and DAQ 9178®),
which are connected to a computer (see Fig. 2, right). The
sampling setup records synchronized images of the flow
with temperature readings within the microchannel and
applies the necessary heat load to the microfluidic device.

2. Package

A custom-made package connects the microfluidic
device to the experimental rig and includes two main parts
(see Fig. 3). The two-piece microdevice was sandwiched
between a cover part (part 1) and the core part (part 2)
that were fastened through six screws. Part 2 had a flow
inlet and a flow outlet aligned with the microdevice’s inlet
and exit, respectively. It also includes two printed circuit
boards (PCBs) with probe pins that connect the power
supply to the heater and preheater and the RTDs to the
data acquisition unit. (The probe pins are soldered to the
PCBs on one end and are pressed against the microdevice’s
electrical pads on the other side.) Both parts are made of
316L stainless steel with a Mohs scale hardness of five,
which is lower than that of fused silica with a Mohs hard-
ness of seven, and a sufficiently high tensile strength of

6x Fastening screw 8x Position screws

12x Probe pins

Outlet port

2x 9 Pin connectors

Visualization | To "\ 2x PCB board

window

205 MPa to support the required pressure. To avoid local
stress concentrations, those surfaces that are in contact
with the microfluidic device are polished. Structural analy-
sis is performed to prevent damage from deflection during
the assembly process.

C. Experimental procedure

Initially, the pressurizing vessel is filled with CO, to its
full capacity. The valve between the CO, pressure tank and
the pressuring tank is then closed, and the working pres-
sure is set using a regulator that controls the N, pressure.
Pressurized CO, is introduced into the device and, after a
stabilization period, a leak test is performed by monitor-
ing the pressure stability for another 2 minutes. The outlet
ball valve is then opened, and the mass flow rate is set to
desired values using the metering valves and the adjoin-
ing JT heater. Subsequently, the heat flux is increased in
increments of 2—8 W/cm?, depending on the mass flux. The
hydraulic entrance length is estimated using the Reynolds
number, Re, according to

Re = (GDy) /1, (D

FIG. 3. Pictures of microflu-
idic device’s package, consisting
of two main parts. Part 1 supports
the microdevice. Part 2 includes
the fluidic ports, PCBs with elec-

B tric probe pins, and a visualiza-
tion window.
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where G is the mass flux, Dj is the channel’s hydraulic
diameter, and g is the dynamic viscosity at the inlet
pressure and inlet temperature.

D. Data reduction and uncertainty analysis

Experimental data include the excess temperature,
AT, and the associated heat-transfer coefficient,

ATy = Ty — Teats (Za)
"o

h—= q qloss , (2b)
ATt

where g and g0 are the heat load and heat loss, respec-
tively; T,, and T, are the wall and saturation temperatures,
respectively.

Before conducting experiments, all RTDs are placed
in an oven and calibrated over a temperature range of
297 to 373 K. A T-type thermocouple is used to mea-
sure the device temperature during the calibration process
to relate the RTDs’ electrical resistance to their respec-
tive temperatures. A linear curve fit between the resis-
tances and temperatures is established and used during data
processing.

The channel is vacuumed to assess heat losses. Heat is
then applied to the heater, and the heat losses are estimated
using a thermal resistance method, according to

qﬂ)ss = (Tw - Too)/Rthermala (3)

where T, —To is the temperature difference between the
wall (7)) and the ambient temperature (7). A thermal
resistance, Rinermal, Of 3.45 K/W, is found to predict the
heat losses best. For each experimental data point, the heat
loss is calculated and subtracted from the heat load. On
average, the heat losses are estimated to be approximately
7%.

Experimental uncertainties are estimated using the prop-
agation of uncertainty analysis [12]. The temperature
uncertainty is estimated to be £0.33 K, and the pressure
uncertainty is estimated to be £0.017 MPa. The mass flow
rate’s uncertainty is estimated to be £0.1 slpm, leading
to an uncertainty of 10 kg/m? s in the mass flux. Conse-
quently, the uncertainty of the boiling number is estimated
to be £10%.

I11. SUBCOOLED FLOW BOILING MODELS

Experiments are compared to several established ONB
and HTC correlations. Modifications to these correlations
are also considered and analyzed. The experiments seek to
obtain the onset of subcooled nucleate flow boiling and the
heat-transfer coefficient at low void fractions.

A. The onset of nucleate boiling

The following three established models are considered
to supplement the experiments: Hsu’s model [7], the Davis
and Anderson model [8] with and without adjustments, and
an experimentally based correlation proposed by Lienhard
[9].

Two adjustments to the Davis and Anderson model are
introduced. A generalized gas equation of state (GEOS),
Pv=_ZRT, is used instead of the ideal gas law. The Kelvin
equation [13] and the Clausius-Clapeyron equation are
used to reformulate the original model. As a result, the
following two constants are altered to

20 z]
a = AGEOS = 1—— and c= CGEOS

T G
_ RCO2 (Zl - Zg)Tsat (4)
hye ,

where Z; and Z, are the compressibility factors of the
liquid and gas phases, respectively; o is the surface ten-
sion; P; is the liquid pressure; and 4y, is the latent heat of
vaporization.

The second change included the integration of the
boundary layer theory [14], which resulted in a modified
temperature profile that produced the following equations:

T, — T, 2
v (2= (2 . (5)
TW — Too 287‘ 5T
where for the calculation of the thermal boundary layer, 7,
Egs. (6)«8) are used.

_1
Shya = 4.92xRey 7, (6)

_1
5hyd = 0.37xRex > , (7)

-1 X0\ 3 3
A =0976P, [1 — (1 - —) } , (82)
X

87 = A - Shya. (8b)

where 8pyq is the hydrodynamic boundary layer thickness,
x is the distance from the inlet, Re, is the local Reynolds
number, xg is the unheated distance from the entrance, y
is the perpendicular distance from the wall, and A is the
ratio between the thermal and the hydrodynamic boundary
layers.

B. Heat-transfer coefficient

The Shah correlation [10] for low subcooled condi-
tions [i.e., (Tsat—Tp)/(Ty—Tsat) <2] is divided into two
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dimensionless parameters:

¥ =230B%°, B,>03x107% (9a)
¥ =1+4+46B"°, B, <03x107%, (9b)
]/f q// q//

= T A BO = = >
(Tw - Tsat)hL thg

where B, is the boiling number and v is a dimen-
sionless heat-transfer coefficient ratio that is normalized
using the Dittus-Boelter correlation [15] for the single-
phase heat-transfer coefficient, /4y, and 7 is the fluid
bulk temperature. For large subcooled temperatures [i.e.,
(Tsat—Tp)/(Tyw—Tsat) = 2], (Tsat—Tp)/(Tyy—Tsat) is added to
Egs. (9a) and (9b) as follows:

Tsat_Tb

¥ =2308" + X " B,>03x10"% (10a)
Tw_ sat
Tsa - T _
Yo=1+46B"° + 22 B <03x107
Tw - Tsat
(10b)

the Kandlikar correlation [16] for subcooled flow boiling
is as follows:

¥ = 1058B%7Fy, (11)
the Gnilinski [17] correlation is used to calculate the
single-phase heat-transfer coefficient, and the B, number
is defined in the same manner as that in the Shah correla-
tion. The coefficient, Fg, depends on the type of fluid, and,
for CO,, Ducoulombier et al. [5] stated that a value of 2.1
should be used.

Finally, the Cheng correlation [6] relates the heat-
transfer coefficient to the reduced pressure, the molar mass,

and the heat flux according to

h = 131P; %% (_log,,P,) "M~ (g")"%,  (12)
h

= —, 13

¥ I 13)

where P, is the reduced pressure and M is the molar mass.

IV. RESULTS AND DISCUSSION

Twenty-six experimental conditions are studied (at dif-
ferent mass fluxes), each consisting of 17 samples (for
various heat fluxes) for a total of 442 data points. Inde-
pendent variables include pressure, mass flux, heat flux,
and channel orientation (i.e., the heated surface either faces
up or down, but mostly faces down). Dependent vari-
ables include local surface temperatures, ONB, and HTC.
The pressure ranges from 6 to 6.91 MPa, resulting in
reduced pressures ranging from (.82 to 0.95. The mass flux
varies between 148.1 and 1703.7 kg/m? s, whereas most
of the data points are concentrated around 160, 550, and
1550 kg/m? s. A heat flux of up to 55 W/ecm? is applied.

A. Boiling curves

Figure 4 depicts boiling curves at three different pres-
sures. At low heat fluxes, a single-phase liquid flow is
observed, in which the temperature difference is a function
of the location, as expected for a constant heat-flux bound-
ary condition. Following the onset of nucleate boiling, the
local surface temperatures gradually converge, suggest-
ing a transition to fully developed nucleate flow boiling.
In fully developed nucleate flow boiling, the heat-transfer
process is dominated by the generation of bubbles and
the associated latent heat transfer, rather than by forced
convective processes. As a result, it is less dependent on
mass flux. Thus, curves for different mass fluxes tend to

35 RTD1 35To RTD1 = O w1

30| R1D3 =30 gggg 301 ¢ RrTD3 :9?:

25 ]| 28 ;ﬁ' 25 ._'—g’_—.'
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FIG. 4. Boiling curves for pressures of 6.24, 6.41, and 6.55 MPa. Low superheated temperatures at ONB of 1.2, 0.82, and 0.64 K,
respectively, are observed. All curves are steep for post-ONB conditions, indicating high heat-transfer coefficients during flow boil-
ing. Once boiling is fully developed, the three RTDs register almost the same temperatures, suggesting the heat-transfer process is

dominated by nucleate flow boiling.
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converge. The onset of nucleate boiling is recorded at
superheated temperatures (A Tong) 0f 1.2, 0.82, and 0.64 K
for pressures of 6.24, 6.41, and 6.55 MPa, respectively.

B. The onset of nucleate boiling

The superheated temperature at the onset of nucleate
boiling is determined through the intersection of two lin-
early fitted curves: one for single-phase liquid data and one
for flow boiling data. The superheated temperatures at the
local onset of nucleate boiling (i.e., once boiling is initiated
at a particular location) are inferred for each RTD sepa-
rately. It is found that the deviations are about one fourth of
the measurement uncertainty. Thus, it is concluded that the
local onset of nucleate boiling is independent of position,
at least under the conditions considered in this study.

As shown in Fig. 5, a peak value of ATong=1.6 K is
observed at the lowest pressure, which gradually dimin-
ishes as the pressure approaches the critical condition. The
dependencies of pressure and mass flux on ATong are
evaluated using the Pearson correlation coefficient [18],
which identifies dependencies between the superheated
temperature and the mass flux and between the super-
heated temperature and pressure. Values of 0.06 and —0.94
are obtained for the relation of ATong-G and ATong-P,
respectively. (A value of one suggests perfect linear depen-
dency, a value of zero means no dependence, and a neg-
ative value corresponds to an inverse dependency.) Thus,
ATong strongly depends on pressure, but not on mass flux.
The effect of the orientation is within the uncertainty level,
and therefore, is indistinguishable.

The Lienhard correlation [9] assumes homogenous bub-
ble nucleation, as opposed to heterogeneous nucleation.
Under this assumption, the onset of nucleate boiling occurs
only at the molecular level, when the fluid attains a tem-
perature higher than that of the corresponding metastable

state. Therefore, the correlation provides an upper bound
for the superheated temperature required for boiling incep-
tion. In engineered systems, homogenous nucleation can-
not be practically implemented and boiling is initiated
by heterogeneous nucleation, corresponding to a lower
superheated temperature, as observed in the current exper-
imental study.

On the other hand, the Davis and Anderson model
assumes a wide range of active cavity sizes, and thus,
provides a lower bound for the onset of nucleate boiling.
The heated surface used in the experiments is polished.
Therefore, it has a limited range of cavities to initiate bub-
ble nucleation, leading to higher superheated temperatures
than those predicted by the Davis and Anderson model.

Figure 5 also shows that most of the theoretical cal-
culations are unable to predict the experimental results,
whether it is an empirical correlation (i.e., Lienhard’s cor-
relation) or theoretically derived models (i.e., those of Hsu
and Davis and Anderson). The Lienhard correlation over-
predicts all experimental results with a mean average error
(MAE) of 259%, but captures the observed trend. MAEs of
83.2%, 88.1%, 80%, and 85% are calculated for the Davis
and Anderson model [8], with the adjusted equation of
state (EOS) (i.e., pv =zRT), with the Frost and Dzackovic
coefficient [19], and with a boundary layer (BL) integrated
profile, respectively. The Davis and Anderson model with
adjusted EOS best captures the physical phenomena and
should be examined in the future for heated surfaces with
a broad range of cavity sizes.

Hsu’s model predicts the onset of nucleate boiling on a
heated surface based on the presence of cavities within a
specific size range. The hyperbolic curves in Fig. 6 repre-
sent the calculated active cavities range for pressures of 6,
6.51, and 6.91 MPa. The upper branch, marked with a red
line, sets the upper limit of the active cavity sizes, and the
lower branch, marked with a blue line, sets the lower limit.

FIG. 5. Experimentally obtai-
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FIG. 6. Range of active nucleation sites for three pressures studied based on Hsu’s model. Three experimental results with their
error bars, depicted as horizontal black lines, are superimposed on the corresponding curves generated based on Hsu’s model. Vertical
lines are sketched from these data points, and the intersection with the curves, marked with dots, provides the lower range and upper
range of active nucleation sites. (Notably, these data points’ vertical positions are placed arbitrarily in the middle between the upper
and lower curves.) Size of the active cavities reduces with pressure. Thus, surface excess temperature at ONB is expected to decrease
at higher pressures for smooth surfaces with only nanoscale cavities.

When the surface has cavities between these two curves,
bubble nucleation occurs. The crosses inside the hyper-
bolic curves are the measured ATong values for the three
corresponding pressures. The limiting values for the upper
and lower intersection points, marked with large dots on
the hyperbolic curves, are explicitly mentioned Fig. 6.

According to Hsu’s model, the effect of pressure on
ATong 1s better understood when considering the size
range of active nucleation sites shown in Fig. 6. The size
of the active cavities decreases with pressure, which is
apparent from the three curves’ downward shifts. Thus,
excess temperature at the onset of nucleate boiling on sur-
faces with only large cavities (larger than several microns)
increases with pressure. Simultaneously, it decreases for
smooth surfaces with only cavities at the nanoscale or
smaller. In other words, for rough surfaces, AToNp is
expected to increase with pressure and, on smooth sur-
faces, such as the one in the current study, it is expected
to decrease.

For the experimentally obtained ATong values, Hsu’s
model predicts active radii in the range of 11-6059,
10.6-1191, and 8.0-446 nm for pressures of 6, 6.5, and
6.91 MPa, respectively, which are marked by the six dots
on the three curves. Since bubble nucleation will occur
only if the surface has cavities in that range, it is interest-
ing to determine if the onset of nucleate boiling is triggered
by larger cavities or smaller ones. To answer this question,
one needs to estimate the size and type of surface cavities.

The microfluidic device’s surface roughness is mea-
sured to be 150 nm, so it is evident that large cavities do not
trigger the onset of nucleate boiling. Furthermore, due to

the low surface tension of CO,, these cavities are partially
flooded, and therefore, produce much smaller effective
nucleation sites [20]. Thus, it can be concluded that cav-
ities initiating the onset of nucleate boiling are at the lower
spectrum of the active cavity sizes, corresponding to the
lower three curves in Fig. 6. Furthermore, the effective
cavity size in the current heated surface is estimated to be
about 10 nm, corresponding to the smallest active cavities
calculated by Hsu’s model, as shown in Fig. 6. If the cavi-
ties have the same geometry as those discussed by Hsu, the
cavity size leads to a nominal bubble radius of 12.5 nm.
Excess temperature at the onset of nucleate boiling can
now be independently estimated from the Young-Laplace
equation [21],

20
Py =Pr + ,
T'bubble

(14)

and compared with the corresponding values obtained
experimentally. (Pes is the pressure inside the bubble,
Pr is the surrounding pressure, and rpgpple 1S the bub-
ble radius of curvature.) The lowest active cavity size
predicted by Hsu’s model is substituted into the Young-
Laplace equation as the corresponding radius of curvature.
With a known radius and a known surface tension, the pres-
sure difference between the vapor inside the bubble and the
liquid outside is directly obtained. Since the liquid pressure
is known, the pressure inside the bubble is inferred. Sub-
sequently, the saturation temperature is obtained from the
thermodynamic equation of state [22] based on the calcu-
lated vapor pressure. The difference between the saturated
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FIG. 7. Heat-transfer coefficient
for mass flux of 420-600 kg/m?s
at RTD 3. Average values range
from 51.2 to 204.5 kW/m?K and
mainly depend on pressure. Excess
temperature during boiling ranges
from 0.4 to 3 K, while the surface
temperature uncertainty is +0.33 K,
leading to large uncertainties in the
heat-transfer coefficients.
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vapor temperature inside the bubble and the surround-
ing liquid saturation temperature provide the superheated
temperature required for the onset of nucleate boiling.
Once the surface temperature is determined, the super-
heated temperature corresponding to Py can be obtained
and used for comparison with experimental results (i.e.,
the excess temperature is the difference between the satu-
ration temperature at Py and the saturation temperature at
Pr). As shown in Fig. 5 by the curve termed “predictions
from the Young-Laplace equation,” the results are within
the uncertainty measurement of the surface temperature.
The Young-Laplace equation is a simplified version of the
Davis and Anderson model, where the fluid adjoined to the
wall is assumed to have a uniform temperature equal to the
surface temperature. This assumption holds for the current
study due to the small nuclei bubbles produced on top of
the polished surface.

To conclude, the lowest active cavity size predicted
by Hsu’s model is used in combination with the

Young-Laplace equation to predict best the superheated
temperatures required for the onset of nucleate boiling on
a polished surface inside a microchannel.

C. Heat-transfer coefficient

Figure 7 shows that the local heat-transfer coefficient for
RTD3 has values of 51.2-204.5 kW/m? K. It appears that
the heat-transfer coefficient is proportional to the heat flux
and inversely proportional to the mass flux. This conclu-
sion agrees with the flow boiling heat-transfer coefficient
correlations because the boiling number is proportional to
the heat flux.

The boiling number in this study reaches a value of
5 x 1073, while the Shah correlation is developed based
on experimental data with boiling numbers up to 10~3. The
heat-transfer coefficients are normalized using the single-
phase Dittus-Boelter correlation to examine the fit of the

60 FIG. 8. Comparison of experi-
] 6.0MPa mentally obtained dimensionless
sol- :-g m: two-phase heat-transfer - coeffi-
6.8 MPa = cient with the Shah correlation.
—Low subcooled Shah correlation Correlation reasonably predicts
40 |-|---High subcooled Shah correlation " the heat-transfer coefficient at a
low pressure of 6 MPa, corre-
sponding to relatively low boil-
&307 ) ing numbers, but underpredicts
+30% margin . .
experiments at higher pressures,
20 corresponding to higher boiling
.................................... numbers.
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0 FFer o 1 i 1
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FIG. 9. Comparison of experi-

i é: mentally obtained dimensionless

S two-phase heat-transfer coeffi-

S - cient with the Kandlikar’s cor-

o relation. Correlation reasonably

o predicts experimental data with
s ) an overall MAE of 24.3%.

correlations to experimental data [15]. This normaliza-
tion allows a direct comparison of experimentally obtained
HTC values with Shah’s dimensionless heat-transfer coef-
ficient ratio, ¥. For a pressure of 6.0 MPa with a maximum
boiling number of 2.5 x 1073, the results agree with the
correlation within a margin of £30% (see Fig. 8). How-
ever, with increasing pressure, Shah’s correlation grad-
vally underpredicts the experimental results. Likewise,
experimental measurements progressively diverge from
the correlation with increasing boiling number. Thus, the
Shah correlation is unable to predict experiments outside
the original boiling number range.

Figure 9 compares experimental data to the Kandlikar
correlation [11] with a correction coefficient, Fg, of 1.984.
The coefficient is obtained by a curve-fitting process that
minimizes the MAE between experiments and the cor-
relation. Regardless, it is in good agreement with the
coefficient of 2.1 suggested by Ducoulombier et al. [5]. As
a general rule, the correlation predicts higher ¥ compared

60 -

| 6.0 MPa

6.8 MPa
50 -|——Cheng correlation
40 -
3. 30 +30% margin
20 -
10
1 L |

-30% margin

with those of Shah’s correlation. Both the Shah correla-
tion and the Kandlikar correlation show similar trends due
to the boiling number power law used to predict ¥ (0.5
and 0.7, respectively). Kandlikar’s correlation best predicts
data for 6.5 MPa, whereas it overpredicts the results for
lower pressures of 6 and 6.2 MPa; the highest pressure of
6.8 MPa is underpredicted. Regardless, the entire data set
falls within a &= 70% band with a MAE of 24.3%.

If each experimental curve at a specific pressure is fit-
ted independently, F'y coefficients of 0.9457, 1.51, 1.936,
and 2.686 for pressures of 6, 6.2, 6.5, and 6.8 MPa, respec-
tively, are produced. Appling Fy coefficients results in a
MAE of 15% and encompasses data for each pressure
within a £30% margin band.

For a minimal MAE, the coefficient is linearly fitted to
the reduced pressure, according to Eq. (15), with an R? of
0.986:

Fq=1535P, — 11.5, (15)
FIG. 10. Comparison of

experimentally obtained dimen-
sionless two-phase heat-transfer

A~z coefficient with the Cheng

/ A correlation. Correlation predicts

— experimental data well with a
MAE of 19.2%.

lOg 10 (B ())

6x 1073

054050-9



PARAHOVNIK, ASADZADEH, VASU, and PELES

PHYS. REV. APPLIED 14, 054050 (2020)

at the critical pressure, Eq. (15) provides a value of 3.85,
which is within the expected range reported by Kandlikar
[11]. For low reduced pressures, Eq. (15) leads to negative
values, and therefore, this linear approximation should be
limited to reduced pressures larger than 0.8.

The Cheng correlation matches experimental results
with a MAE of 19.2% for the entire data set. For the
6.0 MPa experiments (reduced pressure of 0.81), the corre-
lation with its margins (£30%) coincide with experimental
data (see Fig. 10). For 6.8 MPa (reduced pressure of 0.93),
due to small temperature differences, the uncertainty of
experimental data is considerably larger and still within
the correlated results. However, the correlation gradually
deviates from experimental results as the critical pres-
sure approaches unity, such that MAEs of 7.9%, 15.4%,
23.4%, and 29.8% for pressures of 6, 6.2, 6.5, and 6.8 MPa,
respectively, are recorded.

To conclude, Shah’s and Kandlikar’s correlations are
formulated using experimental data for a wide range of
fluids. Since the Cheng correlation is derived based on
conditions closest to those used in the current study, it
is not entirely surprising that it best predicts experimen-
tal results. Nevertheless, at reduced pressures above 0.87,
Chang’s correlation presents significant discrepancies to
experimental results.

V. CONCLUSIONS

In this work, experimental capabilities reveal a signifi-
cant enhancement in heat transfer with flow boiling of CO,
near the critical point at the microscale. A low superheated
temperature and high heat-transfer coefficients are reported
in the present study. Several analytical models comple-
ment current experiments and are used to infer the active
cavity size. It is found that the superheated temperature
at the onset of nucleate boiling is inversely proportional
to the operating pressure, which can be attributed to the
reduction of the active cavity size required for the onset of
nucleate boiling. No dependency between the superheated
temperature at the onset of nucleate boiling and mass flux
is observed.

The proposed corrections to Davis and Anderson’s
model do not better predict the current experimental data,
despite the added computational complexity. Experimental
results of the onset of nucleate boiling are confined within
the analytical models and the empirical correlation. Fixing
the active nuclei bubble size derived from Hsu’s model,
applying it to the Young-Laplace equation, and calculating
the saturation temperature for the effective pressure result
in good agreement with current experiments.

Heat-transfer coefficients of 51.2-204.5 kW/m?>K are
experimentally obtained, and no dependency on the mass
flux is established. It is found that Shah’s correlation
underpredicts experiments for reduced pressures above
0.81. Kandlikar’s correlation predicts experiments within a

margin of £30% and a MAE of 15% with an adjusted coef-
ficient. The Cheng correlation matches experimental data
best, although the error increases as the reduced pressure
approaches unity.

The discrepancies between correlations and experimen-
tal results are linked to the high reduced pressure used to
obtain experimental data (from 0.82 to 0.95 compared with
less than 0.76, less than 0.8, and less than 0.87 for Shah’s,
Kandlikar’s, and Cheng’s correlations, respectively). Fur-
thermore, the Shah and Kandlikar correlations are devel-
oped using a large number of fluids, and thus, can be
more generally applied, but with a somewhat compromised
accuracy.

ACKNOWLEDGMENTS

This work is funded mainly by the Office of Naval
Research (ONR) under Grant No. N00014-18-1-2362 with
Dr. Mark Spector as the program manager and the Israel
Ministry of Defense (IMOD). The authors would like to
acknowledge the Cornell NanoScale Science & Technol-
ogy Facility (CNF) for staff support, help, and use of
facilities in the fabrication of the microdevices. The CNF
is a member of the National Nanotechnology Coordinated
Infrastructure (NNCI), which is supported by the National
Science Foundation.

[1] D. Hellenschmidt, M. Bomben, G. Calderini, M. Boscardin,
M. Crivellari, S. Ronchin, and P. Petagna, New insights on
boiling carbon dioxide flow in mini- and micro-channels for
optimal silicon detector cooling, Nucl. Instrum. Methods
Phys. Res. Sec. A 958, 162535 (2020).

[2] J. R. Thome and J. El Hajal, Flow boiling heat transfer to
carbon dioxide: General prediction method, Int. J. Refrig.
27,294 (2004).

[3] L. Cheng, G. Ribatski, L. Wojtan, and J. R. Thome, New
flow boiling heat transfer model and flow pattern Map for
carbon dioxide evaporating inside horizontal tubes, Int. J.
Heat Mass Transfer 49, 4082 (2006).

[4] M. Ducoulombier, S. Colasson, J. Bonjour, and P. Haber-
schill, Carbon dioxide flow boiling in a single microchannel
— part I: Pressure drops, Exp. Therm. Fluid Sci. 35, 581
(2011).

[5] M. Ducoulombier, S. Colasson, J. Bonjour, and P. Haber-
schill, Carbon dioxide flow boiling in a single microchannel
— part II: Heat transfer, Exp. Therm. Fluid Sci. 35, 597
(2011).

[6] L. Cheng, G. Ribatski, and J. R. Thome, New prediction
methods for CO, evaporation inside tubes: Part II—An
updated general flow boiling heat transfer model based
on flow patterns, Int. J. Heat Mass Transfer 51, 125
(2008).

[71 Y. Y. Hsu, On the size range of active nucleation cavities
on a heating surface, J. Heat Transfer 84, 207 (1962).

[8] E.J. Davis and G. H. Anderson, The incipience of nucleate
boiling in forced convection flow, AIChE J. 12, 774 (1966).

[9] J. H. Lienhard, Correlation for the limiting liquid superheat,
Chem. Eng. Sci. 31, 847 (1976).

054050-10


https://doi.org/10.1016/j.nima.2019.162535
https://doi.org/10.1016/j.ijrefrig.2003.08.003
https://doi.org/10.1016/j.ijheatmasstransfer.2006.04.003
https://doi.org/10.1016/j.expthermflusci.2010.12.010
https://doi.org/10.1016/j.expthermflusci.2010.11.014
https://doi.org/10.1016/j.ijheatmasstransfer.2007.04.001
https://doi.org/10.1115/1.3684339
https://doi.org/10.1002/aic.690120426
https://doi.org/10.1016/0009-2509(76)80063-2

SUBCOOLED FLOW BOILING...

PHYS. REV. APPLIED 14, 054050 (2020)

[10] M. Mohammad Shah, A general correlation for heat trans-
fer during subcooled boiling in pipes and annuli, ASHRE
Trans. 83, 202 (1977).

[11] S. G. Kandlikar, A general correlation for saturated Two-
phase flow boiling heat transfer inside horizontal and
vertical tubes, J. Heat Transfer 112, 219 (1990).

[12] R. J. Moffat, Describing the uncertainties in experimental
results, Exp. Therm. Fluid Sci. 1, 3 (1988).

[13] K. P. Galvin, A conceptually simple derivation of the kelvin
equation, Chem. Eng. Sci. 60, 4659 (2005).

[14] A. Bejan, Convection Heat Transfer, 4th Edition (Wiley,
New York, 2013).

[15] T. L. Bergman, A. S. Lavine, F. P. Incropera, and D. P.
DeWitt, Fundamentals of Heat and Mass Transfer (Wiley,
Chichester, 2011).

[16] S. G. Kandlikar, Heat transfer characteristics in partial
boiling, fully developed boiling, and significant void flow
regions of subcooled flow boiling, ASME. J. Heat Transfer.
120, 395 (1998).

[17] V. V. Gnielinski, in Neue Gleichungen Fiir den Wiirme- und
den Stoffiibergang in Turbulent DurchstrSmten Rohren und
Kan/Tlen (1975), p. 9.

[18] J. Benesty, J. Chen, Y. Huang, and I. Cohen, in
Pearson Correlation Coefficient, Noise Reduction in
Speech Processing, edited by 1. Cohen, Y. Huang, J.
Chen, J. Benesty (Springer, Berlin, Heidelberg, 2009),
pp- 1-4.

[19] J. G. Collier and J. R. Thome, Convective Boiling and
Condensation (Clarendon Press, Oxford, 1994).

[20] A. E. Bergles and S. G. Kandlikar, On the nature of crit-
ical heat flux in microchannels, J. Heat Transfer 127, 101
(2005).

[21] P. Atkins and J. De Paula, Physical Chemistry, 8th Edition
(Oxford University Press, New York, 2006).

[22] R. Span and W. Wagner, A New equation of state for car-
bon dioxide covering the fluid region from the triple-point
temperature to 1100 K at pressures up to 800 MPa, J. Phys.
Chem. Ref. Data 25, 1509 (1996).

054050-11


https://doi.org/10.1115/1.2910348
https://doi.org/10.1016/0894-1777(88)90043-X
https://doi.org/10.1016/j.ces.2005.03.030
https://doi.org/10.1115/1.2824263
https://doi.org/10.1115/1.1839587
https://doi.org/10.1063/1.555991

	I. INTRODUCTION
	II. EXPERIMENTAL METHODS
	A. Microfluidic device
	1. Microfabrication of the bottom piece

	B. Experimental rig
	1. Pneumatic setup and sampling setup
	2. Package

	C. Experimental procedure
	D. Data reduction and uncertainty analysis

	III. SUBCOOLED FLOW BOILING MODELS
	A. The onset of nucleate boiling
	B. Heat-transfer coefficient

	IV. RESULTS AND DISCUSSION
	A. Boiling curves
	B. The onset of nucleate boiling
	C. Heat-transfer coefficient

	V. CONCLUSIONS
	ACKNOWLEDGMENTS


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


