International Communications in Heat and Mass Transfer 148 (2023) 107042

Contents lists available at ScienceDirect

International Communications in Heat and Mass Transfer

ELSEVIER journal homepage: www.elsevier.com/locate/ichmt

Experimental and theoretical investigation of the dry ice sublimation
temperature for varying far-field pressure and CO, concentration

A.S. Purandare , W.M. Verbruggen, S. Vanapalli

Applied Thermal Sciences Laboratory, Faculty of Science and Technology, University of Twente, Post Bus 217, 7500 AE Enschede, the Netherlands

ARTICLE INFO ABSTRACT

Keywords: Solid carbon dioxide, also known as dry ice, is extensively used in various applications, such as cleaning large
Carbon dioxide telescopes, refrigeration, spray cooling, and biological processes like cryopreservation. In standard atmospheric
Dry ice

conditions, dry ice sublimates continuously because the triple point pressure of carbon dioxide is higher than the
atmospheric pressure. While the sublimation temperature of dry ice at atmospheric pressure is widely reported in
the literature to be approximately —78.5 °C, this value is only conditionally true as it refers to dry ice exposed to
an ambient saturated with its vapor. In reality, dry ice is mainly utilized in an unsaturated atmosphere. This
study investigates the effect of the atmosphere on the sublimation temperature of a dry ice sphere, both
experimentally and theoretically. Specifically, the far-field pressure is varied from 0.6 bar to 1.3 bar in steps of
0.1 bar, and the far-field CO, concentration is varied from 100%vol to 0%vol in steps of 20%vol. The results
show that the sublimation temperature reduces and reaches a lower thermodynamic wet-bulb temperature when
the far-field CO, concentration is lowered from the previously set value at a given ambient pressure. The lowest
value of the sublimation temperature, for the ambient pressure of 1 atm and 0%vol CO, concentration, is
measured to be —97.3 °C, which deviates from the commonly quoted value in the literature by approximately 19
°C. Finally, the results are presented in the form of an extended phase diagram showing the solid-vapor coex-
istence line for various far-field CO, concentrations in comparison to the standard coexistence line present on the
phase diagram. A mathematical model that considers heat and mass transport phenomena in the surroundings of
a dry ice sphere is developed, and its predictions are found to be in encouraging agreement with the experimental
results. This study provides important insights into the behavior of dry ice under different atmospheric condi-
tions and can be useful in various industrial and scientific applications.

Sublimation
Phase diagram

addition to its use as a cooling agent, dry ice has been recognized for its
effective cleaning ability particularly of delicate surfaces such as mirrors
of telescopes and semiconductor wafers [6]. The sublimation of dry ice,
which when combined with the abrasive action of the solid particles, can
dislodge and remove contaminants without leaving behind any residue.
Furthermore, dry ice has exhibited potential for diverse applications
beyond its common uses such as cloud seeding [7], energy harvesting
[8], and closed cycle refrigeration [9].

Due to its crucial role in applications, fundamental investigation of
dry ice sublimation has recently drawn a lot of attention. Interaction of
sessile and self-propelling dry ice disc with a hot substrate has been
experimentally and theoretically investigated to estimate crucial pa-
rameters like heat transfer rate, the sublimation rate of dry ice, and the
pressure profile inside the vapor layer present between dry ice and the
substrate, [10-14]. In context of thermal management, the heat transfer
coefficient of the spray of dry ice particles impacting a hot solid surface

1. Introduction

The triple point pressure of carbon dioxide lies above ambient
pressure preventing liquid phase and causing only the solid and gaseous
phase to exist at normal atmospheric conditions. The solid form of car-
bon dioxide, popularly known as dry ice, permanently sublimates at —
78.5 °C in a surrounding saturated with CO vapor. The low temperature
of dry ice and non-existence of liquid phase at ambient conditions
facilitate a wide variety of industrial and scientific applications. For
example, cryopreservation of various biopharmaceutical products like
tissues [1], blood [2], and proteins [3] are traditionally carried out by
cooling either directly using dry ice or by quenching in a bath of dry ice
and alcohol. In the so-called spray cooling systems latent heat of phase
change of dry ice is utilized in applications involving high heat flux
densities such as food freezing [4] and cryogenic machining [5]. In
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Nomenclature
STh Thermal boundary layer [m]
Tfl;ub Mass flux of the sublimated vapor [kg/(m2 s)]
vco, Volume fraction of CO, vapor in gas mixture
7 Specific latent heat of dry ice [J/kg]
Ay Mass fraction of CO, vapor in gas mixture
CO, Carbon dioxide
N, Nitrogen

Diffusion integral
) Density of CO, gas in the mixture [kg/m?]
g Gas density [kg/m?]
Py Density of CO, vapor [kg/m®]
pCO4 Total density of CO, gas [kg/m3]
o Stefan-Boltzmann constant [W/(m? K*)]
0co,-n, Collision diameter [A]
n Normal vector at the dry ice sphere surface
?g Gas diffusion mass flux [kg/(m? s)]

TV Vapor diffusion mass flux [kg/(m2 s)]

v Mass averaged velocity vector of gas mixture [m/s]
D Diffusion coefficient of CO5 in N, [m?/s]

g Acceleration due to gravity [m/s%]

h Heat transfer coefficient [W/(m? K)]

kq Thermal conductivity of gas mixture [W/(m K)]
ks Thermal conductivity of dry ice sphere [W/(m K)]
m; Mass of dry ice sphere [kg]

Mco, Molecular weight of COy [g/mol]

My, Molecular weight of N5 [g/mol]

P Pressure of gas mixture [atm]/[bar]

R Universal gas constant [J/(mol K)]

Ts Radius of dry ice sphere [m]

T, Temperature of gas mixture [K]

T Temperature of dry ice sphere [K]/[°C]

Ty Far-field temperature of gas mixture [K]

Bi Biot number

IR Infrared

has been experimentally evaluated by temperature measurements [15]
and theoretically predicted by numerically modeling the two phase
solid-vapor flow from a nozzle inlet to a heat source surface [16,17].

The aforementioned studies have been conducted on the premise
that the sublimation temperature of dry ice under atmospheric pressure
is —78.5 °C. However, it must be noted that this assumption is condi-
tionally precise as this temperature is only valid in a stationary state,
where the dry ice is exposed to an environment that is saturated with its
own vapor. In practical scenarios, however, dry ice is predominantly
utilized in an unsaturated atmosphere, and therefore, it is expected to
undergo sublimative cooling similar to a liquid droplet that experiences
evaporative cooling in an unsaturated atmosphere. As a result, dry ice
will reach a thermodynamic wet bulb temperature that is dependent on
the concentration and pressure of the gas present in the surroundings.
Failing to account for sublimative cooling can lead to significant dis-
crepancies in predicting the rate of sublimation of dry ice, particularly
when a substantial reduction in temperature occurs at the dry ice’s
surface.

Significant research has been conducted to experimentally and
theoretically examine the influence of vapor concentration and pressure
on the evaporative cooling of liquid droplets by exploring the interplay
of heat and mass transfer phenomena at the interface between the
droplets and the surrounding gaseous medium [18,19]. However, this
has not been extensively studied for sublimating dry ice, with only two
studies conducted around three decades ago to study the influence of the
ambient conditions on the sublimation of dry ice pellets for cloud
seeding application [7,20]. In particular, the effect of ambient temper-
ature, air quality, and relative air velocity on the number of water ice
crystals around dry ice pellets, and the sublimation rate of pellets has
been measured. However, the effect of ambient on the surface temper-
ature of dry ice pellets has only been briefly described in the appendices
of their respective works. Fukuta et al. [20] empirically calculated the
surface temperature of dry ice which varied from —99.7 °C to —102.6 °C
for a dry ice pellet of 0.9 cm diameter placed in an environment of 0.82
atm pressure and 9.14 msec™! air velocity, and ambient temperature
varying in the range of 25 °C to —12 °C. Kochtubajda and Lozowski [7]
measured the temperature of cylindrical dry ice pellets exposed to an air
stream in a wind tunnel as —95.7 &+ 0.3 °C. However, the ambient
concentration in these experiments has not been well controlled and
therefore, its influence on the dry ice temperature is also not reported.
Finally, to the author’s knowledge, there is no further literature
providing data for dry ice sublimation and the associated saturation
temperature for varying ambient conditions in terms of far-field pressure

and concentration.

In the present work, the influence of the far-field ambient pressure
and CO; concentration on the sublimation temperature of a dry ice
sphere is experimentally and theoretically examined. The final outcome
is presented in the form of an extended phase diagram for CO,, which
displays the solid-vapor coexistence lines for various far-field CO,
concentrations as well as the coexistence curve from the standard phase
diagram. Additional experiments are conducted using spheres of
different sizes to assess the impact of sphere size on the sublimation
temperature of dry ice. Furthermore, a simplified one-dimensional
analytical model that considers heat and mass transport in the sur-
roundings of a dry ice sphere is developed to predict the sublimation
temperature based on the far-field pressure and CO, concentration.
Theoretical predictions are found to be in good agreement with exper-
imental results. The present study provides extensive experimental and
theoretical data for sublimation temperature under varying ambient
conditions, which can lead to a significant improvement in modeling
approaches involving dry ice by accurately reflecting its actual tem-
perature in relevant problems.

2. Experimental

The investigation carried out in this paper is supported by thorough
comparison with experiments. In order to accurately measure the sub-
limation temperature of dry ice subjected to various ambient conditions,
a setup is designed and built with adequate control on ambient pressure
and CO, concentration. The schematic of the experimental setup is
shown in Fig. 2. It basically consists of two parts, namely, a testing unit
housing a dry ice sphere surrounded by a controlled ambient, and a
control unit which maintains desired pressure and CO; concentration in
the test section during the time period of an experiment.

2.1. Test section

The test section on the right side of Fig. 1 consists of a cross-shaped
KF vacuum flange housing a dry ice sphere. The flange has four ports,
two each in the vertical and horizontal direction. The ports along the
horizontal direction are equipped with viewing windows to observe the
dry ice sphere during sublimation. The dry ice sphere is suspended at the
tip of a thin wire E-type thermocouple (0.25 mm diameter). An addi-
tional E-type thermocouple is placed inside the flange near its top port to
measure the temperature of the incoming gas. Both the thermocouple
wires are mechanically fixed and sealed in a KF flange pass-through to
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Fig. 1. Schematic of the experimental setup to measure the sublimation temperature of a dry ice sphere suspended in ambient of controlled pressure and CO2

concentration.

keep the test section airtight. Thermocouples are calibrated using three
known temperature points: ice-water slush at 0 °C, solid-liquid nitrogen
slush at —210 °C, and dry ice in pure CO; environment at —78.5 °C. The
CO,, concentration in the test section is measured using a non-dispersive
IR-absorption sensor [21], calibrated to an accuracy ~ 1%, placed at the
bottom port of the flange. It should be noted that the output of the CO,
sensor is influenced by the pressure inside the test section, which is
compensated for using a polynomial provided by the manufacturer [21]
in order to minimize its impact on measurement accuracy. The opera-
tional pressure limit within the test section is thus determined by the
accuracy of the pressure compensation, in addition to the mechanical
constraints of the CO; sensor. As a result, the operating pressure during
the experiments conducted in the test section ranges from 600 mbar to
1.3 bar. Further details regarding the control unit of the experimental
setup, responsible for regulating the concentration and pressure within
the test section, is elaborated in the subsequent subsection.

2.2. Control unit

The control unit shown on the left of Fig. 1 conditions the flow of gas
entering and refreshing the test section at a volume flow rate of 1 L/min,
moderate enough to not significantly impact the measured temperature
data. A supply of pure nitrogen (N2 5.0) and carbon dioxide (CO 2.7)
gas is controlled by a pair of Bronkhorst mass flow controllers (M1, M2),
which regulate the flow of these gases depending on the desired CO2
concentration inside the test section. The two gases from M1 and M2
first pass through a mixing chamber to ensure a homogeneous mixture of
these two gases. The impurity, mainly water vapor, present in the gases
(5 mg/L and 150 mg/L for N3 and CO,, respectively) is removed in the
condenser maintained at ~ -60 °C. Before the gas mixture enters the test
section, it passes through a heat exchanger in a temperature-controlled
bath to ensure the gas mixture temperature is ~ 20 °C.

The pressure inside the test section is controlled using a vacuum
pump attached to the bottom port of the cross-shaped flange in combi-
nation with an appropriate setting of the mass flow controller, M3,
present at the exit of the test section. M3 is PID controlled that maintains
the pressure inside the chamber at a desired value (+1 mbar) by the
balance of the volume flow into and out of the test section. The active
control of the pressure inside the test section is essential, without which
the pressure will drift from its set value due to the changes in outflow
concentration and sublimation of dry ice. The pressure inside the test
section is measured using the MKS Baratron type 626 A pressure sensor
[22].

2.3. Dry ice sphere

Dry ice in the form of snow is obtained from expanding high-pressure
liquid CO2 (~ 57 bar at 20 °C) through an orifice to the atmospheric

pressure. The flakes of the dry ice snow are compressed via a piston in a
spherical mold of the required diameter, while the thermocouple wire is
partially inside the mold centre during compression. The spherical mold-
piston arrangement and the solid dry ice sphere having a 10 mm initial
radius produced during experiments are shown in Fig. 2 a) and b),
respectively.

The dry ice spheres obtained using this technique had an effective
density in the range of 835 kg/m? to 955 kg/m3, evaluated from the
measured initial mass of the sphere and its known initial volume. This
broad spectrum of the sphere’s effective density is due to the manual
compression of snow via the piston, the force on which varies during
different runs of the experiment. Therefore, the dry ice sphere’s average
porosity evaluated from the effective to the actual density ratio is ~
35%.

2.4. Experimental procedure

During the startup of the experimental setup, the vacuum pump is
switched on to first depressurize the test section to ~ 7-10 mbar to
minimize the residual uncontrolled composition of the gas initially
present in the test section. Next, the desired CO, concentration and the
pressure are set in a LabVIEW program which controls the opening or
closing of the mass flow controllers M1, M2, and M3 to maintain con-
centration and pressure conditions inside the test section during the
period of an experiment. With these conditions, the test section is
flushed with the gas of set CO, concentration and pressure for ~ 10 min
so that the total volume of the experimental setup (~ 2 L) is refreshed
several times and ensure homogeneous initial conditions monitored by

Dry ice sphere
Mold —

TC
Groove

I Controlled ambient

Fig. 2. a) Schematic of the mold cut section and piston assembly used to
produce a dry ice sphere. The groove in the mold is to insert thermocouple wire
into the mold before dry ice snow is compressed. b) A picture of a dry ice sphere
(radius = 10 mm), suspended on the thermocouple wire (TC) inside the test
section, taken at the start of an experiment.
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the concentration and pressure sensor present inside the test section. The
dry ice sphere is then produced, its mass is measured, and then imme-
diately suspended in the test section.

Each experiment starts with 100%vol CO, concentration in the test
section to check the dry ice sublimation temperature is equal to its
saturation temperature at a given pressure (e.g. —78.5 °C at 1 atm
pressure). As time progresses, the CO, concentration is lowered, and the
corresponding sublimation temperature is measured. This procedure of
reducing concentration is carried out in the steps of 20% vol until 0%vol
CO; concentration inside the test section. So in an experiment, we obtain
6 data points of the dry ice sublimation temperature corresponding to
the 6 different values of CO, concentration at a given pressure in the test
section. This experimental procedure is repeated for other pressures
varying from 600 mbar to 1.3 bar in the steps of ~ 100 mbar. The E-type
thermocouple is securely positioned inside the dry ice sphere to measure
the sublimation temperature. The duration for which the thermocouple
maintains contact with the dry ice sphere depends on the quality of its
placement at the center of the sphere, and the ambient conditions. In the
optimal case, the thermocouple remains in contact with the dry ice for
approximately 40 min before the sphere loses contact with the tip of the
thermocouple due to sublimation. The experiment is repeated 3 times
for a given pressure to check repeatability. Additionally, a few sets of
experiments are performed with the starting CO, concentration equal to
0%vol and increasing it back to 100%vol in the steps of 20%vol to
ensure the absence of hysteresis in the measurements.

2.5. Errors and uncertainty in measurements

In the process of measuring the sublimation temperature using the
thermocouple wire supporting the dry ice sphere at its tip, an error of
0.3 °C is estimated. This estimation is based on the variability in tem-
perature observed during the calibration procedure. Additionally, tem-
perature drift of ~ 0.3 °C is during the dry ice lifetime. This is postulated
to result from the degradation of contact between the thermocouple tip
and the dry ice. This degradation stems from a minor parasitic heat load
transmitted through the thermocouple wire to the dry ice. Notably, this
error is most pronounced in data points collected towards the conclusion
of an experiment. Nonetheless, due to the challenge of precisely con-
trolling the extent of junction contact with the dry ice, this error is
treated as a consistent factor across all measurement points.

The inaccuracy in the test section’s pressure, as measured by the
pressure sensor, is on the order of (1 mbar). According to the standard
phase diagram of CO., a variation in pressure by #'(1 mbar) corresponds
to an alteration in the sublimation temperature of dry ice by #/(0.01 K)
at a 100%vol concentration of CO,. Consequently, the temperature
measurement error stemming from the imprecise pressure measurement
is a magnitude lower compared to the previously determined thermo-
couple error, thus rendering it negligible.

The accuracy of the CO, concentration sensor, employing non
dispersive IR absorption, relies on quantifying the number of molecules
within a fixed volume. However, its accuracy is susceptible to the far-
field pressure and temperature conditions of the given volume, unless
suitable compensations are implemented to counter these effects. In the
context of this investigation, the far-field temperature is held constant to
approximately 20 °C, while variations in pressure are introduced within
the test section. The extent of the influence of pressure changes on the
sensor’s accuracy depends on the specific concentration of the gas
mixture. To address these considerations, a compensation polynomial
supplied by the manufacturer is employed to convert the sensor’s
output. This compensation methodology proves adequately effective
within the pressure range of 600 mbar to 1.3 bar. Within this pressure
span, the errors incurred at both extremely low and high CO, concen-
trations remain below 4%, while for nominal CO5 concentrations, the
error is contained within 1%. Comprehensive details regarding the
compensation polynomial are available in the datasheet furnished by the
sensor’s supplier [21].
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3. Theory

In this section, we focus on the theoretical estimation of the subli-
mation temperature of a dry ice sphere in equilibrium with N,-CO,
gaseous mixture of a given pressure and CO; concentration surrounding
the dry ice. This situation is schematically shown in Fig. 3 and mathe-
matically described using a quasi-steady sublimation of a solid sphere of
mass m;, temperature Ts, and specific latent heat % suspended in a bi-
nary gaseous mixture of CO and N, having thermal conductivity k, and
diffusion coefficient D. The binary gas system is assumed ideal, whose
thermal conductivity and diffusion coefficient depend on the ambient
temperature and pressure. While the temperature dependence of the
thermal conductivity of the gaseous mixture for a given pressure is ob-
tained using the commercial software REFPROP [23], the following
expression for the diffusion coefficient is used based on Chapman and
Enskog’s theory [18,24]:

3 1
T;(1/Mco, +1/Mn,)?

D =1.86-10"7 .
P00, N,

(m/5) ®

where M¢o, and My, are the molecular weights of CO, and N, gas, T, is
the absolute temperature of the mixture in Kelvin, p is the pressure in
atmospheres, 6¢o,-n, is the collision diameter expressed in angstroms,
and Q is a dimensionless quantity known as the diffusion integral whose
value is of the order 1 and is weakly dependent on the temperature of the
mixture [24,25]. In this case, its value is assumed to be 1.05, evaluated
at the mean temperature of the far-field and dry ice.

The far-field pressure and temperature of the gaseous mixture sur-
rounding the dry ice sphere are assumed constant as the ambient is
actively replenished and controlled at the required far-field conditions
during an experiment. The transport of the sublimated CO, vapor from
the surface of the dry ice sphere to far-field, under the steady state, is
governed by the equation

V-(p,V)+V-j, =0 2

R
[25], where p,, V, and j , are the vapor concentration, mass aver-
aged velocity vector of the mixture, and the vapor diffusion mass flux,

respectively. The mass flux of the sublimated vapor (m;ub) due to

convective and diffusive transport is written as

Nz — CO2
gas mixture

Tg,°°

I's

I's

Fig. 3. Schematic of the quarter of a dry ice sphere sublimating in a mixture of
N,-CO, gas at a fixed far-field pressure and temperature.
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oy =PV 4 ®)

In addition to the diffusion of CO, vapor away from the dry ice
surface, the N, molecules also diffuse towards the dry ice’s surface due
to the concentration gradient. However, since Ny is not soluble in the dry
ice, the concentration of N, at the dry ice surface must eventually
disappear. As a result, a bulk gas flow, known as the Stefan flow, is
generated near the interface, carrying N, molecules away from the dry
ice surface at the same rate as N, diffusion. The Stefan velocity can be
estimated from the expression for the mass flux of N, (Eq. (4)), which is
equal to zero under the assumption that the dry ice surface is impervious
to N; gas.

pg7+Tg =0 4

Since the sum of mass fluxes for species diffusing in a stationary

medium is zero (3, Ti = 0), the Stefan velocity can be expressed in
terms of diffusion mass flux of CO, vapor as
e —

v=-le_ty ®)
P Py

which in turn is used to rewrite Eq. (3) as

Fr = 7y (;’—V + 1) . ®)
8

The diffusional vapor mass flux, T’v, is eliminated using Fick’s law,
and Eq. (6) is rewritten in one dimensional form as

dp, 1
= -D- ,
oo dr (1 7.,14‘,)’ )

where .#, = p,/p represents the mass fraction of CO, vapor.

Energy transfer between the ambient and the dry ice sphere during
its sublimation occur through sublimative heat transfer, heat conduc-
tion, and radiation in the gas phase. The resulting energy balance at the
interface between dry ice and the ambient is described by the following
equation

n-( =k V1) =i, % —n-(— kVTy) +"“?(Tf -T; ) ®

where ks, n, and ¢ are the thermal conductivity of dry ice, surface normal
vector at the sphere surface, and emissivity of the dry ice surface. The
first term in (8) is neglected by assuming that temperature gradients
inside the dry ice sphere have been decayed in the time taken by the dry
ice sphere to reach equilibrium with the ambient. This assumption is
valid for small Biot number (Bi = hr;/k;), which in this case is calculated
to be 0.5 for a dry ice sphere radius (r;) of 10 mm, thermal conductivity
(ks) of 0.2 W/(m K), and the heat transfer coefficient between dry ice
and ambient (h) of the order of 10 W/(m? K). Furthermore, the heat
transfer due to radiation between ambient and dry ice surface is
neglected as its magnitude is an order of magnitude lower than the
magnitude of the heat conducted via the ambient to the dry ice surface,

a(T;‘ - Tg) /l?gT‘ng ~ 0.3, where ¢ =5.67 x 10 W/(m?K") is the

O1h

Stefan-Boltzmann constant, k; ~ 12.5 mW/(m K) is the thermal con-
ductivity of the gas mixture evaluated at the mean of gas temperature
(T, ~ 293K) and dry ice temperature (T; ~ 195K). For a conservative
estimate of this assumption, the emissivity of the dry ice surface is
assumed to be 1, and the thickness of the thermal boundary layer (673,) to
be of the order of 1 mm. After considering the aforementioned as-
sumptions, the Eq. (8) is simplified and rewritten in one-dimensional
form as

dr,

k8 )

,
my, ¥ = .
sub “ar

Contrary to the common practice, transport properties, namely, the
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thermal conductivity and mass diffusivity in the gas domain are
considered temperature dependent in this work for evaluating the
density of vapor as a function of temperature from the following
equation

dp, k (Te)

—_— 8 — A
dTg - !//,D(Tg) (1 ’/ﬂv)7 (10)

which is obtained from Egs. (7) and (9). Both the thermal conductivity
and the diffusion coefficient of the gas phase are increasing functions of
temperature, namely,

ke = AT, +B an
and
D =CTY. (12)

While the constants A and B are evaluated by fitting a straight line to
the data of thermal conductivity obtained from the commercial software
REFPROP [23], the value of C is evaluated by grouping the constant
terms of Eq. (1) for a given gas composition and far-field pressure.

Using the aforementioned temperature-dependent expression for the
transport properties, Eq. (10) is integrated, leading to the subsequent
expression
P, = —% (1 —.4,) + constant. 13)

The integration constant is determined using the known far-field
vapor density (p, ) and temperature (T,.). Subsequently, the vapor
density diffused from the surface of dry ice towards the far-field, in
relation to the temperature of the gas mixture, can be expressed as
follows

Py = Proo
2(1—#,) (ATyeo —B AT, —B 14)
’Z?C V Tk’vm \/ TR .

In addition to the vapor diffused from the dry ice surface, the density
of the CO, gas originally present in the mixture is calculated using the
ideal gas law (p = pM,,,/RT,), where p is total pressure and R =
8.314J/(mol K) is the universal gas constant. The total density of CO,
gas surrounding the dry ice sphere is then evaluated as

Pco, = (1 — Vo, )P, (T,) +yCOzp’(Tg)! (15)

where vco, is the volume fraction of CO; in the mixture. The factor 1 —
Vco, appears in the first term of Eq. (15) because the CO, vapor from the
dry ice surface diffuses only in the fraction of Ny gas present in the
mixture. The second term in the Eq. (15) represent the density of the CO,
present in the fraction of the volume originally occupied by it in the
mixture.

Finally, the Eq. (15), for a given pressure and varying CO, concen-
tration levels of the mixture, is plotted on the phase diagram, showing
the variation of vapor density instead of vapor pressure as a function of
temperature, of CO,. The curve representing the result of Eq. (15) must
satisfy the far-field density as well as the vapor density at the surface of
the dry ice, and therefore the temperature at which the curves intersect
is taken to be the sublimation temperature of dry ice surrounded in a
mixture of Ny-CO, gas at the corresponding CO; concentration. An
example of this graphical evaluation of the sublimation temperature of
dry ice is shown in Fig. 4. The solid line represents the saturation vapor
density of CO,, p,,, as a function of temperature. This is obtained by
expressing Clausius-Clapeyron relation of vapor pressure ([26]) in the
form of vapor density using the ideal gas law. The dashed lines are the
density of the CO; calculated using Eq. (15) as a function of temperature
evaluated for different far-field concentration and a fixed far-field
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Fig. 4. CO, vapor density (y-axis) as a function of temperature (x-axis). The
dashed lines represent the total density of CO. calculated from Eq. (15) for
different CO2 concentration at 1 bar total pressure. The intersection points,
shown using circular markers, represent the predicted sublimation temperature
of dry ice at the corresponding concentration level.

pressure and temperature of 1 bar and 20 °C, respectively.

At 100% CO,, concentration, vco, = 1 and as a result the first term on
the right hand side of the Eq. (15) is zero implying no contribution of the
diffusive transport of vapor from dry ice surface. The result of Eq. (15)
plotted for this situation i.e., the dashed line corresponding to 100% CO,
concentration in Fig. 4 intersects the saturation density curve at a
temperature of —78.5 °C. This is the value of the sublimation tempera-
ture commonly quoted in literature which is true only if the dry ice is
sublimating in the surrounding saturated with CO, vapor. For concen-
trations lower than 100% in the surroundings of dry ice (vco, < 1), the
contribution of the diffusive term in Eq. (15) becomes relevant due to
which the result of Eq. (15), for the same far field temperature, intersects
the saturated vapor density curve at lower temperature as seen in Fig. 4.
At 0% CO; concentration (vco, = 0), i.e., when dry ice is surrounded by
only N, gas, the diffusive term of Eq. (15) alone contributes to the total
density of CO,. For this case, the dashed line corresponding to 0% CO»
concentration in Fig. 4 satisfies the far field condition of zero CO,
density at 20 °C and intersects the saturation density curve at a tem-
perature of —99.7 °C which is the predicted value of the sublimation
temperature of dry ice surrounded by a gas having zero CO,
concentration.

In general, the sublimation temperature of dry ice is coupled to the
concentration of CO; in the surrounding medium which is important to
consider while investigating thermal processes involving dry ice which
otherwise will result in significant deviation up to 20 °C from the
commonly quoted value of dry ice’s sublimation temperature. In the
subsequent sections, the theoretical results are validated by comparing
the predicted values of the sublimation temperature, obtained from the
intersection points shown in Fig. 4, with the measured values for
different CO, concentration, pressure and initial size of the dry ice
sphere.

4. Results

Using the setup described in Section 2, the influence of CO3 con-
centration and ambient pressure on the sublimation temperature of dry
ice is studied. At first, the measured sublimation temperature for a fixed
normal atmospheric pressure and varying levels of far-field CO; con-
centration is discussed. In the subsequent subsections, the measured and
predicted values of the sublimation temperature for varying CO,
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concentration levels, ambient pressure, and sphere dimension are pre-
sented. Furthermore, the solid-vapor coexistence lines for different far-
field CO, concentrations are evaluated and compared with the coexis-
tence line present on a standard phase diagram of CO,. Lastly, it is
shown for lower concentration levels, an accurate estimate of the sub-
limation temperature of dry ice cannot be made by simply considering
partial pressure corresponding to a given far-field CO, concentration.

4.1. Influence of the far-field CO, concentration

Fig. 5 a) displays the experimental results obtained for the subli-
mation temperature of a dry ice sphere of radius rs = 10 mm suspended
in an ambient environment maintained at a pressure of normal atmo-
spheric pressure (~ 1.013 bar). The concentration of CO, in the far-field
is systematically varied from 100%vol to 0%vol in increments of 20%
vol. It is observed that the sublimation temperature of dry ice is
measured as —78.5 °C when the ambient surrounding the dry ice sphere
is saturated with CO, gas (100%vol) at normal atmospheric pressure,
which is in agreement with the expected value. The concentration of
CO in the inflow gas entering the test section is subsequently reduced to
80%vol after approximately 210 s. The CO; concentration measured at
the exit of the test section takes approximately 290 s to stabilize near the
inflow concentration. During this process, the dry ice sphere immedi-
ately responds to the change in CO, concentration in its surroundings.
Its temperature reduces due to sublimative cooling until it reaches a
thermodynamic steady-state wet-bulb temperature of ~ -80.5 °C. This
process of lowering the CO, concentration inside the test section con-
tinues until its lowest value of 0%vol CO, concentration of the inflow
gas, and the sublimation temperature at this concentration level is
measured to be ~ -97.3 °C. This temperature is ~ 19 °C lower than the
sublimation temperature of dry ice typically reported in the literature at
saturated conditions. It can be observed from Fig. 5 that the measured
value of the CO, concentration is higher than the concentration of the
inflow gas by ~ 3-4%vol. This concentration discrepancy could be
ascribed to the CO; concentration of the sublimated vapor measured by
the sensor, located at the exit of the test section, in addition to the CO»
concentration of the inflow gas. To simplify and facilitate analysis, the
results presented in the subsequent sections correspond solely to the CO,
concentration of the inflow gas.

In Fig. 5 b), the measured values of the sublimation temperature are
shown for increasing levels of the far-field CO, concentration from 0%
vol back to 100%vol at normal atmospheric pressure. It can be seen by
comparing Fig. 5 a) and b) that the dry ice sublimation temperatures are
similar for similar concentration levels for both cases, confirming the
robustness of the experiments. The exact values of the dry ice sublima-
tion temperature, i.e. the steady-state temperature values in Fig. 5 a) and
b), at different concentration levels for both cases are listed in Table 1.
The differences in the measured values for a given concentration in both
cases can be attributed to the thermocouple error and contact degra-
dation between the thermocouple tip and the dry ice sphere.

4.2. Impact of dry ice sphere size

The results presented in the previous section are for the dry ice
sphere with an initial radius of 10 mm. To investigate the effect of the
sphere size on its sublimation temperature, a sphere with an initial
radius of 5 mm was also studied for three different far-field CO, con-
centrations, specifically 100%vol, 60%vol, and 20%vol. Fig. 6 shows the
measured steady-state sublimation temperature for the two different
sphere sizes at ~ 1.013 bar pressure for the different CO, concentra-
tions. As observed in the previous section, the sublimation temperature
of dry ice decreases with decreasing far-field CO, concentration,
resulting in a larger difference between the sublimation temperature ata
given concentration and at the saturated condition. The sublimation
temperature change is found to be similar for both the 5 mm and 10 mm
spheres, indicating that the effect of the sphere size is negligible when
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Table 1

Comparison of the dry ice sublimation temperature (in °C) measurements under
varying far-field concentrations of CO2, ranging from 100%vol to 0%vol, with
the measurements obtained when the concentration levels were varied in the
reverse order, i.e., from 0%vol to 100%vol.

Start point = 100%vol 0%vol
Set-point |
%vol -78.5 —78.3
80%vol —80.7 —80.6
60%vol —83.4 —83.4
40%vol —86.7 —86.7
20%vol -91.1 —-91.2
0%vol -97.3 —97.6
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Fig. 6. The measured sublimation temperature (y-axis) as a function of far-field
CO; concentration (x-axis) for two different sizes of dry ice spheres.

the dry ice is in thermal equilibrium with its surroundings. Hence, the

experimental and theoretical results presented in the subsequent sec-
tions consider only the dry ice sphere with an initial radius of 10 mm.

4.3. Influence of ambient pressure

The influence of the ambient pressure on the measured and predicted
values of the dry ice sublimation temperature for various far-field CO,

concentration is shown in Fig. 7. The results presented in this figure are
discussed in two parts; i) the influence of CO, concentration on the
steady-state sublimation temperature of dry ice at a given ambient
pressure, and the ii) the influence of the ambient pressure on the steady-
state sublimation temperature of dry ice at a given CO, concentration.

i) The variation of the dry ice sublimation temperature with the far-
field CO, concentration is similar for all ambient pressures, i.e., it
decreases with a reduction in concentration from its highest value, at
100%vol concentration, to its lowest value, at 0%vol concentration.
It can be seen from Fig. 7 that the predicted values of the sublimation
temperature are in good agreement with the measured values, except
for the 0%vol concentration where the measured value is approxi-
mately 2-3 °C higher than the predicted value. This discrepancy is
presumably due to the accumulation of a small amount of CO, vapor
inside the test section during dry ice sublimation, leading to a higher
actual CO, concentration than the inflow concentration used in the
model. For example, when the inflow concentration of CO, is set to
0 during an experiment, it is expected that pure N, gas reaches the
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Fig. 7. Influence of the far-field CO, concentration (x-axis) and pressure on
measured and predicted dry ice sublimation temperature (y-axis). The inset of
the figure shows the variation of the diffusion coefficient (D) of CO; vapor in Ny
gas as a function of pressure.
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test section and surrounds the dry ice sphere. But the actual con-
centration of COy (2-3%vol) can be higher in the test section due to
accumulation of the sublimated vapor from the dry ice surface even
though the test section is continuously refreshed with the inflow gas.
Since the inflow concentration (0%vol) is used in the model, the
predicted concentration gradient between the dry ice sphere and the
ambient is higher than in the experiments, leading to over-prediction
of sublimative cooling and under-prediction of sublimation temper-
ature for the 0%vol concentration.

ii) The influence of atmospheric pressure on the dry ice sublimation
temperature for a given far-field concentration can also be seen in
Fig. 7. The results indicate that, for all values of the far-field CO,
concentration, both the measured and predicted sublimation tem-
perature reduces as the pressure decreases. This trend can be
explained by the pressure-dependent diffusion coefficient of CO; in
N, gas, which is represented graphically in the snippet of Fig. 7 and
described by Eq. (1). Specifically, as the ambient pressure decreases,
the diffusion coefficient of CO; increases, resulting in increased
sublimation from the dry ice surface. This, in turn, enhances sub-
limative cooling of the dry ice sphere and leads to a lower sublima-
tion temperature of dry ice.

4.4. Extended phase diagram

The comprehensive overview of both experimental and theoretical
results of the dry ice sublimation temperature at various far-field CO,
concentrations and pressures is shown in Fig. 8. The three sets of data,
namely, the measurements, predictions, and the solid-vapor coexistence
curve from the standard phase diagram based on Clausius-Clapeyron
theory [26] coincide at 100%vol COy concentration. This agreement
with the Clausius-Clapeyron theory, which represents the saturated
condition of CO,, serves as a benchmark for comparison and confirms
the validity of the models and experimental results.

The value commonly cited for dry ice sublimation temperature in the
literature is —78.5 °C or 194.65 K under standard atmospheric condi-
tions. However, this value is accurate solely for dry ice within an envi-
ronment saturated with 100% CO; concentration at 1.013 bar pressure.
In real-world applications involving dry ice, the surrounding atmo-
sphere is generally not saturated with its vapor. Hence, for engineering
purposes, it’s essential to include data pertaining to the sublimation
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Fig. 8. This extended phase diagram illustrates the measured and predicted
sublimation temperatures of dry ice (top and bottom x-axis) across a range of
far-field pressures (y-axis) and CO, concentrations.
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temperature of dry ice in relation to ambient pressure for different levels
of far-field CO, concentration across the phase diagram. This informa-
tion is depicted in Fig. 8, showcasing the sublimation temperature data
for varying CO, concentrations from 80% vol to 0% vol, in increments of
20% vol. It’s noticeable that for all concentration levels, the changes in
measured sublimation temperature for different ambient pressures
resemble the variations seen in the standard phase diagram at 100% CO,
concentration. Consequently, these points on the graph correspond to
the coexistence curves for their respective CO;, concentration levels.

The sublimation temperature values of dry ice predicted for different
ambient pressures and concentrations exhibit good agreement with the
experimental data, except in the case of 0% vol CO; concentration as
seen in Fig. 8. The deviation in this instance can be attributed to the
accumulation of a small amount of CO, vapor within the test section,
causing a minor increase in the far-field CO, concentration (around
2-3% vol) compared to the set value (0% vol). This concentration in-
crease results in a higher sublimation temperature. As the model’s
predicted sublimation temperature corresponds to the set far-field CO,
concentration value, it tends to underestimate the measured values.
Moreover, the predicted sublimation temperature inaccuracies for all
CO; concentrations also originate from the theoretical expressions for
diffusion coefficient (Eq. (1)) and thermal conductivity of the CO, and
N, mixture (Eq. (11)), which are accurate upto approximately 8 % [24]
and 2 % [23], respectively. To address these inaccuracies, a color-coded
band around the model data for a given concentration level is illustrated
in Fig. 8. The width of this band increases with decreasing CO, con-
centration, reflecting the larger magnitude of the diffusive component in
Eq. (15), along with its associated error, for lower CO, concentrations.

All the measured and predicted data of the dry ice sublimation
temperature as a function of far-field pressure and CO, concentration
summarized in Fig. 8 is termed as the extended phase diagram of CO,
consisting solid-vapor coexistence curves for various far-field concen-
tration values.

An estimate of the dry ice sublimation temperature, when present in
an unsaturated environment, is often made by evaluating the tempera-
ture from the standard phase diagram at the partial pressure of CO in
the ambient. By comparing this estimate with the measured data of the
dry ice sublimation temperature for different far-field CO, concentra-
tions, we show that this estimate can be erroneous. In Fig. 9, dry ice
sublimation temperature is shown as a function of partial pressure. The
steady-state values of the measured dry ice sublimation temperature for
corresponding concentration values shown in Fig. 5 a) are taken, the
concentration values are converted to the partial pressure of CO; using
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Fig. 9. Sublimation temperature of dry ice (x-axis) at different total pressure
shown as a function of the partial pressure of CO, (y-axis) in the ambient.
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ideal gas law, and these two data sets are plotted against each other for
each far-field pressure to obtain the Fig. 9. This data is compared with
the solid-vapor coexistence line from the phase diagram of CO,. It can be
seen from Fig. 9 that the agreement between the measured values and
that of the phase diagram is good for points where the partial pressure of
CO, is the same as the absolute pressure, i.e. for 100%vol concentration.
For all the other data points, the measured sublimation temperature and
the one estimated using partial pressure from the phase diagram are
considerably different. The lower the concentration of COy (or partial
pressure), the larger is the difference from the phase diagram. Therefore,
it is important to consider heat and mass transport phenomena in the
surroundings of dry ice to evaluate its sublimation temperature instead
of approximating its value at the partial pressure of CO, from the phase
diagram of CO».

In this study, the objective is to evaluate the sublimation temperature
of dry ice during its sublimation process in Ny — CO4 gas mixture. It is
important to note that the typical use of dry ice involves sublimation in
atmospheric air, and as a consequence, the transport properties, namely,
diffusion coefficient and thermal conductivity may deviate from those
observed in pure N, gas. The molecular diffusion coefficient of CO, in
air at a specified temperature, denoted as T, and a pressure of 1 atm, is
determined through the relationship proposed by Massman [27], given
asD(T,1) = D(0,1)(T/T,)"®'. Here, D(0,1) = 13.81 mm? /s signifies the
diffusion coefficient assessed at the reference temperature Ty (0°C) and a
pressure of 1 atm. By applying this equation, the diffusion coefficient of
CO, in air at 20°C) is computed to be 15.69 mm?/s. Under similar
conditions, the diffusion coefficient of CO, in N3 gas is approximately 16
mm? /s, as reported by Cussler [24]. Furthermore, the thermal conduc-
tivity of air and pure nitrogen gas does not exhibit substantial dispar-
ities. For instance, the thermal conductivity of air at a temperature of
300 Kelvin and a pressure of 1 bar is 26.4 mW/(m K), while the corre-
sponding value for Ny gas is 26.0 mW/(m K), as documented by NIST
[28]. Based on the aforementioned analysis, it is evident that the
transport properties of air and pure nitrogen gas maintain a negligible
variance. Consequently, the findings elucidated in this paper hold po-
tential relevance for diverse applications, up to the precision required
for engineering activities.

5. Conclusion

An experimental and theoretical investigation into the influence of
far-field CO, concentration and pressure on the sublimation of a dry ice
sphere is described in this work. The experimental component involved
measuring the sublimation temperature of two different sizes of dry ice
spheres suspended in a controlled ambient environment composed of an
N, — CO, gas mixture, encompassing a wide range of pressures and CO,
concentrations. It was observed that the size of the dry ice did not in-
fluence its measured sublimation temperature when the dry ice was in
thermal equilibrium with its surroundings at a given CO; concentration
and pressure. The results presented in this paper demonstrate that, for a
specific far-field pressure, the sublimation temperature of dry ice de-
creases as the far-field CO, concentration reduces due to sublimative
cooling. This reduction leads to the attainment of a lower thermody-
namic wet-bulb temperature, corresponding to a lower steady-state CO5
concentration. At nearly 0%vol far-field CO; concentration and 1 atm
pressure, the sublimation temperature decreases by 19 °C from the
typical literature value of —78.5 °C for dry ice under saturated condi-
tions. Furthermore, the far-field pressure of the surrounding environ-
ment where dry ice is undergoing sublimation also affects its
sublimation temperature. Specifically, when the pressure in this envi-
ronment decreases while keeping the far-field CO, concentration con-
stant, the temperature at which dry ice sublimates also decreases. This
effect is attributed to the fact that the diffusion coefficient of CO vapor
in the gaseous mixture increases as ambient pressure reduces, thereby
enhancing sublimation from the dry ice surface and leading to cooling to
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a lower sublimation temperature.

To graphically evaluate the sublimation temperature of dry ice, a
mathematical model is developed that considers the heat and mass
transport phenomenon, along with the temperature-dependent trans-
port properties of the ambient gas. The predicted sublimation temper-
ature values for a broad range of far-field pressures and CO,
concentrations were found to agree well with the experimental values.
Despite its simplicity and limitations, the findings presented in this study
may prove useful in various industrial and scientific applications
involving dry ice by accurately reflecting its sublimation temperature
corresponding to the required far-field pressure and CO, concentration.
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