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Abstract

We demonstrate a method for the study of the heat and mass transfer and of the freezing phenomena in a subcooled brine environment. Our
experiment showed that, under the proper conditions, ice can be produced when water is introduced to a bath of cold brine. To make ice form,
in addition to having the brine and water mix, the rate of heat transfer must bypass that of mass transfer. When water is introduced in the form
of tiny droplets to the brine surface, the mode of heat and mass transfer is by diffusion. The buoyancy stops water from mixing with the brine
underneath, but as the ice grows thicker, it slows down the rate of heat transfer, making ice more difficult to grow as a result. When water is
introduced inside the brine in the form of a flow, a number of factors are found to influence how much ice can form. Brine temperature and
concentration, which are the driving forces of heat and mass transfer, respectively, can affect the water-to-ice conversion ratio; lower bath
temperatures and brine concentrations encourage more ice to form. The flow rheology, which can directly affect both the heat and mass transfer
coefficients, is also a key factor. In addition, the flow rheology changes the area of contact of the flow with the bulk fluid.

Video Link

The video component of this article can be found at https://www.jove.com/video/55014/

Introduction

Ice slurries are extensively used in industry, and one particularly successful application is the ice-pigging technology1,2. In comparison to the
conventional foam and solid pig, the ice pig can travel through complex topologies over a long distance because of the lubrication effect of the
liquid phase and the elevation of its freezing point as some of the ice crystals melt3,4,5. Even if the pig gets stuck, one can simply wait for the ice
slurries to melt and resume the cleaning process later. This method of pipe cleaning is cheap and easy to use.

The ice fraction plays a key role in the performance of the ice pig. To measure the ice fraction, one can use a cafetière (French press) to
determine if the ice slurry is thick enough6,7. A high cafetière ice fraction, typically 80%, is required when carrying out ice pigging. Recent
research on online ice fraction detection showed that both electromagnetic and ultrasonic waves are suitable for the job8,9,10,11.

The ice pig is usually made by a scraped-surface ice maker from a 5 wt% NaCl solution (brine). It is also the primary way of making ice slurries
in industry. This type of ice maker freezes water or brine onto a cold metallic surface, typically a smooth 316 steel surface and then cyclically
shears the ice particles off. The liquid-to-metal interfaces are very complex and are affected by a broad range of factors that are essential to ice
making12. The interface between non-metal and water can be very different, and one especially interesting example is Kaolinite. The Kaolinite-
water interface is special because there is not a favorable ice structure adjacent to the solid's surface, but rather a layer of amphoteric substrate
fluid that encourages the ice-like hydrogen-bonded clusters to form on top of it13,14. Another way of producing the ice pig requires crushing the
premade ice blocks while high-concentration brine is added simultaneously. For this method, the refrigeration system can run at a much higher
evaporating temperature because no freezing point depressant (FPD) is added prior to the formation of ice; it is hence considered more efficient
due to the lowered compression ratio and lessened power for a given cooling duty15,16,17.

There are two other ice production methods: producing ice from supercooled water and putting refrigerant and water in direct contact18,19. The
supercooling method involves disturbing the metastable supercooled water to generate ice nucleation and growth. The biggest problem for this
method is the unwanted ice formation that can block the system. The direct contact method is considered not suitable for ice pigging because
neither refrigerant nor lubrication oil are wanted in the final ice product.

The formation of ice requires heat and mass transfer due to the latent heat of fusion generated in the process. It was first discovered by
Osborn Reynolds in 1874 that the transportation of heat and mass in gases are strongly coupled and can be expressed in similar mathematical
formulae20. This work formed the pioneering paper on the subject of momentum, heat, and mass transfer in fluids and was reprinted several
times21,22. This subject was then studied by a number of others, from both analytical and empirical approaches, for gases, liquids, and molten
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metal23,24,25,26,27,28,29,30,31,32,33. Aside from the heat and mass transfer, the fluid needs nucleation sites where dendritic ice growth can develop. A
modern insight into the growth of ice crystals uses Constructal Law, developed by Adrian Bejan, to explain why ice grows in this way34,35,36.

The ice formation in brine is very different from that in pure water due to the existence of salt. First of all, salt changes the thermodynamics of
the fluid and depresses its freezing point. Secondly, salt cannot dissolve in the ice matrix (except for hydrohalite, which can only form when the
temperature reaches the eutectic point), and it is rejected to the bulk fluid when ice starts to grow. The rejection of salt was discovered in both
sea ice and ice studied in the lab37,38. Since the rejected high-concentration brine is at a temperature well below the freezing point of sea water,
as it descends, ice grows at the interface between the flowing brine and the quiescent bulk fluid. These ice stalactites, also named brinicles, were
first discovered in McMurdo Sound, Antarctica and were studied experimentally39,40,41,42. In 2011, BBC filmed the formation of brinicles in its
Frozen Planet series43,44.

In our lab, it was discovered that by reversing the flowing and quiescent fluids when water is introduced to a bath of cold brine, the water
may transform into ice under the correct conditions45. It was found that the location where the water is introduced, flow rheology, and brine
temperature and concentration are all key factors influencing how much ice can be produced. The overall goal of this study is to investigate if an
ice maker can be developed through this mechanism to generate ice slurries, considering that the elevated evaporator temperature and the high
rate of liquid-to-liquid heat transfer can enhance the efficiency of energy usage. This article shares key aspects of the experiment.

Protocol

Caution: There are two poisonous chemicals, methanol and ethylene glycol, used in these experiments. Methanol can be metabolized in the
human body to generate formaldehyde and then to formic acid or formate salt. These substances are poisonous to the central nervous system
and may even cause death. Ethylene glycol can be oxidized to glycolic acid, which can then turn into oxalic acid. This can cause kidney failure
and death. Do not drink these chemicals. Consult a doctor immediately if an accident occurs.

1. The Cooling System

NOTE: It is very difficult to keep the brine at -18 °C or so when the ambient temperature is roughly at room temperature. It is important that the
tanks storing the ethylene glycol and brine are well-insulated and of a reasonable size to avoid excess electricity consumption and to ensure
optimal system performance. It is recommended that the tank size does not exceed 30 L.

1. Prepare the secondary cooling fluid
1. Pour 1 L of ethylene glycol into the secondary cooling tank, Tank A (Base: 400 mm × 200 mm, Height: 350 mm). Add roughly 0.6-0.65

L (600-650 g) of water to Tank A.
2. Repeat step 1.1.1 several times until there is enough fluid in Tank A (25 L).
3. Stir the fluid so that the fluid is homogeneous.
4. Switch on the two pumps in Tank A to the full-capacity setting (2,500 L/h). Make sure that all bubbles trapped in the heat exchangers

and pipes are released.
5. Switch off the pump to observe if all the bubbles are released. If not, repeat step 1.1.4.

2. Preparation of the brine
 

NOTE: In this example, 22 wt% brine is prepared. If other concentrations are needed, the mass of salt added should also be changed
accordingly. The reference brine concentration and density values can be found on Page D-257 of the 64th Edition (1983) of the CRC
Handbook of Chemistry and Physics46.

1. Add 4 kg of water into a 5-L plastic beaker.
2. Measure 1 kg of NaCl salt on an electronic scale and pour this salt into the beaker with the water.
3. Stir the mixture until the solution is clear (i.e., there are no salt particles or water bubbles visible in the solution).
4. Take a sample, ~10 mL, of the solution using a 10-mL syringe.
5. Inject the fluid into the U-tube density meter.
6. Check for air bubbles in the tube. If there are any, inject more fluid to push them out.
7. Press "Quick Settings" and select "Density Temperature." Type in 20 °C and press "OK." The density meter will now measure the fluid

density at this temperature.
8. Press start and wait for the result.
9. Compare the density reading with 1164.00 kg/m3.
10. Add more salt if the reading is below the comparison density. Add water if otherwise.
11. Repeat steps 1.2.3-1.2.10 until the fluid density is correct (1164.00 kg/m3).
12. Pour this solution into a larger container, Container A.
13. Use steps 1.2.1-1.2.12 to make 35-40 L of brine and put Container A into a chest freezer at -40 °C. Keep the brine there for 48-72 h,

until its temperature reaches -19.18 °C (freezing point of this 22 wt% brine).

2. Preparation of the Ice for the Injecting and Washing Water

1. Prepare ice for the injecting water
1. Pour 1 L of water into a small container (200 × 200 × 50 mm).
2. Repeat step 2.1.1 with another container and place the two containers in the chest freezer at -40 °C.
3. Keep them in the freezer for 10 h or more to ensure that all of the water is frozen.

2. Prepare the washing water's ice shell
1. Fill a 5-L beaker with 5 L of water.
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2. Fill a 2-L beaker with 2 L of water.
3. Place both beakers into the chest freezer at -40 °C for 8-10 h so that there is a thick shell of ice wrapping around unfrozen water.
4. Use a high-velocity water jet at a speed of 3-5 m/s from the tap to open up a 3-cm diameter hole at the top of the ice shell.
5. Drain the water inside the ice shell.
6. Put the two beakers back in the freezer.
7. If the mass of the ice shell does not reach 3 kg and 1 kg for the two beakers, respectively, repeat steps 2.2.1-2.2.5, but keep the

beakers in the freezer longer in step 2.2.3. The two beakers should now be able to contain 2 L and 1 L of water, respectively.

3. Water Introduction Position and the Rheology Control Experiment

1. Introduce water at the brine surface
1. Decant 2 L of 22 wt% cold brine from Container A into the aluminum bucket of the ice cream maker and switch on the cooling unit.
2. Measure the temperature of the brine with a thermometer/thermocouple (either K-Type or T-type are suitable). Carry on the experiment

if the brine is -15 °C or lower.
3. Fill up the 100-mL glass syringe with tap water at room temperature. Attach a 2-mm internal diameter, 1-mm thick, and 1-m long

silicone tube to the tip of the syringe.
4. Place the syringe at a specific position such that there is a head between the water in the syringe and the exit of the silicone tube. The

hydrostatic pressure will squeeze the water out of the tube.
5. Submerge a certain length of the silicone tube, typically 70 cm, into the brine.
6. Adjust the relative position between the syringe and the tube exit so that the hydrostatic pressure is great enough to allow water to

leave the syringe. If the tube is blocked, increase the head by elevating the syringe to a higher vertical position, until the hydrostatic
pressure can overcome the shear stress within the tube.

7. Keep the tube exit roughly 1 cm or less above the brine surface.
8. Adjust the length of submerged tube and the syringe height to control the water's outlet let temperature and flow rate in order to

determine how much ice can be made or how much mixing occurs at the brine surface. The freezing phenomenon should now be
observed at the brine surface. See Reference 45 for further direction.

2. Introduce water through the brine
1. Repeat steps 3.1.1-3.1.6.
2. Keep the tube exit inside the brine, preferably at the bottom of the container.
3. Adjust the length of the submerged tube and the syringe height.
4. Adjust the angle of the tube exit to control the rheology of the flow.
5. Repeat steps 3.2.3-3.2.4 to find the best coupled flow rheology and flow rate that can produce the most ice.

4. Ice Production, Collection, and Measurement

1. Make ice
1. If there are bubbles in the pipes, switch on the two pumps inside Tank A to release the bubbles out of the glycol circulation system, and

then switch off the pumps.
2. Switch on the three refrigeration units and let them run for 10-16 h to cool down the ethylene glycol solutions.
3. Measure the ethylene glycol solution with a thermometer/thermocouple. The glycol temperature should be at about -25 °C.
4. Measure the temperature of the brine in Container A to make sure it is at -19 °C before proceeding to step 4.1.5.
5. Fill the brine tank, Tank B, with roughly 30 L of brine from Container A and switch on the two pumps in Tank A.
6. Measure the temperature of the glycol in Tank A. If it is colder than -19 °C, switch off one or more cooling units to prevent the

precipitation of ice particles outside the heat exchangers in Tank B. If the temperature is warmer than the expected brine temperature,
turn on all three cooling units. Carry out the experiment at -17 °C to -19 °C.

7. Place the two premade blocks of ice from step 2.1 into the insulated 5-L beaker, Container B, and pour roughly 3 L of water into the
beaker.

8. Measure the water temperature and keep it at 2 °C by stirring the mixture between experiments if the temperature rises.
9. Fill the glass syringe with 100 mL of the 2 °C water.
10. Apply 5-10 mL of methanol to the glass window of Tank B to stop condensation and the formation of ice.
11. Inject the water into the brine by adjusting the relative position between the syringe and the tube's exit so that there is a constant

hydrostatic pressure and thus a constant flow rate. About 70 cm of the silicone tube should be submerged in the brine. Adjust the angle
of injection to 0° so that the initial water velocity in the upward direction is 0 m/s.
 

NOTE: The syringe can be either hand-held or clamped to a stand. Hand-held is more appropriate when the brine temperature is
colder, because it takes more time to adjust a stand, and ice may block the tube. Keep the flow rheology consistent throughout the
experiment by ensuring a constant flow rate and injection angle (0°) and by keeping the freezing frontier roughly 3 cm above the tube
exit. Do not let the flow enter the region where it starts to turn turbulent47. See Reference 45 for further direction.

12. Collect the ice as described in steps 4.2 and 4.3. Repeat steps 4.1.8 - 4.1.11 at different brine temperatures.

2. Collect the produced ice and estimate how much ice is produced (dry collection)
1. Put a container (200 × 200 × 50 mm) on the scale and zero the reading by pressing the "Turn On" button.
2. Use the sieve to scoop out the ice and shake off the brine.
3. Put this ice in the container. Measure the mass of the ice using the scale.
4. After the ice is melted, use the 10-mL syringe to take a sample. Inject this sample of liquid into the density meter.
5. Perform steps 1.2.6-1.2.9.
6. Record the density reading.
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7. Calculate the net water mass from its density (i.e., the mass of water converted into ice) using the following formula:
 

 

where  is the brine concentration by wt% and  and  are the masses of salt and water, respectively.

3. Collect the produced ice and estimate how much ice is produced (wet collection)
1. Fill the 5-L beaker with an ice shell (step 2.2) and room-temperature tap water. Put it back into the freezer at -40 °C.
2. Decant the water with the ice shell from the 5-L beaker into a 2-L beaker when its temperature is at 0 °C. Fill up the 5-L beaker. Keep

both beakers in the freezer.
3. Scoop out the ice produced in steps 4.1.8 and 4.1.9 and pour 200-500 mL of water from the 2-L beaker onto the ice to wash it. Do not

shake the sieve before applying the 0 °C water.
4. Shake off the fluid in the sieve.
5. Repeat steps 4.2.2-4.2.7.

Representative Results

Figure 1 compares the effects of water introduced at the brine surface to water injected through the brine. In the "ice-cap" scenario, the formed
ice is solid because the water did not mix much with the bulk fluid. The temperature and density difference between the two fluids generates
buoyancy force on the water and prevents them from mixing. Both fluids are static (i.e., the heat transfer is much greater than that of the mass;
Sc ≈ 500, Pr ≈ 10, and Le ≈ 50), so ice can form easily. There is neither formation of a mushy layer nor salt rejection in this experiment. Once
the ice grows thicker, it will hinder the rate of heat transfer due to its low thermal conductivity and affect the rate of ice formation. At this point,
it can be clearly observed that the introduced "sweet water" can no longer promptly freeze into a solid. In addition, without convection, the low
thermal conductivity of the brine itself also hinders the transportation of the latent heat from the cold sink. The rate of ice formation is directly
associated with and very sensitive to the brine temperature. For example, water in -15 °C brine freezes much faster than in -13 °C brine. In the
water injection case, the shape and size of the ice is related to the flow rheology. The rod of ice shown in Figure 1 has two distinctive parts: a
straight head followed by a curly tail. The curly section is formed much closer to the brine surface, where the flow has more turbulence to it. The
curly tail is usually much thinner than the straight head because of the onset of turbulence, which minimizes the difference between heat and
mass transfer rates, especially at the outer layer of the stream, where the heat and mass transfers are the same. Therefore, only the inner core
can freeze into ice. If the tube exit is kept horizontal rather than vertically up, a sheet of ice will be generated. The generation of ice becomes
more stable and the results are reproducible. Lastly, it was found that lowering the flow rate is not an effective way of eliminating mixing. Instead,
it significantly increases the chances of blocking the tube.

The water injection angle is kept at 0° to the horizontal axis when performing water-to-ice conversion ratio measurements. The influence of
brine temperatures and concentrations are illustrated in Figure 2. The conversion ratios usually sit between 0.4 to 0.9 for the studied brine
temperatures and concentrations. It is important to keep the flow rheology and position of ice formation frontier constant throughout the
experiment. The large volume of brine in Tank B helps to reduce the effects of local thermal gradients on the measurements. The relation
between the brine temperature and the conversion ratio is first order for the studied temperature range. Coefficients for the best-fit lines are listed
in Table 1. If a different injection angle is used, the water-to-ice conversion ratios will no longer follow these relationships because the area of
contact and hence, the rates of heat and mass transfer, are different. When collecting the ice, it is important to keep the force applied to shake
off the brine/washing water consistent and to try to minimize the amount of water left in the sieve. Similar amounts of water used to wash off the
brine should be applied to avoid inconsistent results. It was found that if more than 500 mL of water is used to wash the ice, any further salinity
reduction is unlikely to occur. When the volume is below 200 mL, the salinity can be as high as 4 wt%.

Since the evaporator temperature is much higher than a scraped-surface ice maker, which usually uses -40 °C, if this method is used to produce
ice, a higher COP is expected according to our calculation in Figure 3. If for example, the evaporator temperature is elevated to -20 °C, the COP
can almost reach 3 for refrigerant R134A.
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Figure 1: Water introduction position. An "ice cap" can form when water is introduced at the brine surface. A rod of ice forms when the tube
exit is kept upright. When water is injected in the brine, the shape of the ice depends on the flow rheology. Please click here to view a larger
version of this figure.

 

Figure 2: Conversion ratio comparison at different brine concentrations with a best-fit line. Both brine temperature and concentration
influence how much water can be frozen into ice (conversion ratio) when the flow rate and rheology are kept the same. The conversion ratio
increases linearly with a drop in brine temperature. Lower brine concentrations at lower bath temperatures generate more ice. The washing
method collects more ice than the dry-collection method. Please click here to view a larger version of this figure.
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Figure 3: Coefficient of performance at different evaporator temperatures for a range of coolants. Higher evaporator temperatures favor
the coefficient of performance (COP) of the cooling systems. The two transitional refrigerants (R22 and R134A) have better COPs than the
already-banned R502 and the blends (R404A and R507A). Please click here to view a larger version of this figure.

Salt concentration (wt%) Dry collection Wet collection

p1 p2 p1 p2

23.3 −0.09909 −1.34 −0.1196 −1.439

22 −0.1204 −1.633 −0.1439 −1.839

21 −0.1261 −1.682 −0.1545 −1.98

Table 1: Coefficients for the best-fit lines for the conversion ratio versus brine temperature diagram. The conversion ratio linearly
correlates with the brine temperature according to the formula: . Both dry- and wet-collection methods are listed here.

Discussion

The process of ice generation using brine as a secondary refrigerant involves the combination of heat and mass transfer. If the heat transfer
is greater, then ice forms before the water has the chance to mix with the bulk fluid. It was observed that when there is a relative movement
between the introduced water and the quiescent bulk brine (i.e., injecting water within the brine), the flow helps the heat transfer and encourages
ice to form rapidly. However, when there is too much turbulence in the flow, no ice can be generated. The biggest limitation of this technique
is the mixing and dilution of the brine. The brine volume will keep rising as the process continues. Therefore, when making ice this way, it is
important to be aware of the rising brine volume and dropping brine salinity. In addition, it was observed that if the generated ice is not collected,
it will melt. This may be because the brine is not at its melting temperature, allowing both heat and mass transfer between the formed ice and the
bulk fluid. The mode of heat and mass transfer is by diffusion only, and the rate of melting is slow. However, since ice floats on the brine surface,
additional heat ingress from the ambient environment boosts the rate of ice melting. For this reason, the generated ice should be collected
promptly once it is produced to avoid a further increase in the volume of the brine.

Reducing dilution or separating the water and salt is currently being studied in our lab. One of the many ideas is to reintroduce the injected water
to another tube that is larger in diameter so that water will only be exposed to the bulk fluid for a short period of time, minimizing the change in
volume of the secondary refrigerant. Ice nucleation will occur when water is exposed to the brine, followed by the completion of the ice growth
in the bigger tube. By adding this solid surface, the bulk salinity of the generated ice is controllable. For example, if lower salt content in the
ice is required, one can add more "sweet water" to the fluid in the secondary tube. The submerged length of this secondary tube can be easily
changed, depending on the required ice fraction of the product.

The flow rheology has a significant impact on the surface area of contact and on the area-to-volume ratio of the flow in the bulk fluid. Our
observations indicate that a larger area of contact is more favorable for encouraging more ice to form. An increased area of contact should also
enhance mass transfer, but has not yet been observed in the studied brine temperature and concentration range. It seems that before the flow
enters the transition zone, where turbulences and separation of flow start to occur, ice will always be created. If the flow separates and large
turbulences exist, each cluster of water molecules needs its own nucleation point, and ice may not form in these situations.

The relationship between the brine temperature and the water-to-ice conversion ratio is linear while at a constant brine concentration. The
shifts of the conversion ratio versus the brine temperature best-fit lines indicate that brine concentration also plays an important role in the ice
formation/water dilution process. Due to the phase transformation, the boundary conditions are very different in conventional heat- and mass-
transfer analogy studies, and hence, those analogies are not sufficient for describing this situation.
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This study also revealed that, since the freezing frontier can be fixed to a relative stable distance from the exit of the tube, the flow can reach
a steady-state condition. This indicates that this phenomenon can be used as a reliable new mechanism for ice production in industry, since a
much higher evaporator temperature and COP are expected in comparison to the existing ice-making techniques.
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