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A STUDY OF WATER ICE FORMATION AND MELTING PROCESSES ON VERTICAL

COOLED PIPES

The use of cold accumulators based on the principle of water ice formation on the cooled surfaces during
off-peak periods and water ice melting during on-peak periods is an effective method of electricity bills
reduction. Within comparatively short periods of on-peak demand a noticeable amount of thermal energy
related to ice melting is to be released, it becomes clear that not only sizing of ice accumulators based on
balance calculations is actual, but also the determination of time periods of ice accumulation becomes
critical. This work presents an experimental unit for obtaining data on the ice formation on the vertical
cooled pipes and later on to continuously register data on the ice thickness diminishing at the regimes of
ice melting when cooling of pipe stops. The data for ice formation and melting for some regimes have
been presented and analyzed. The data form the base for deriving semi-empirical correlations allowing to
determine time intervals necessary to generate of water ice layers of given thickness.
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I. INTRODUCTION

Electrical motors of refrigeration compressors are the
biggest energy consumers at food industry. Dairy industry
is characterized by a significant refrigeration capacity for
water cooling and extremely uneven energy consumption
charts. Ice water is being used in raw milk pasteurization
which usually happens right after milk reception at dairy
plant. This peak cooling load usually is accompanied by a
serious growth of cooling load due to the increased sensi-
tive head influx through the building envelope, increased
input of product. Unfortunately, the factory on-peak elec-
tricity consumption coincides with the grid on-peak ener-
gy demand, and thus, energy consumed during peak peri-
ods has to be paid at the highest tariff.

Modern office building and malls are equipped with
powerful air-conditioning plants (Installed power up to
12-20 MW). Growth in energy consumption takes place at
mid days and coincides with mild peaks or on-peak period
of grid power demand.

A detailed analysis of energy shifts is given in [1,2,3].

In articles [4,5] a differential equation was derived
which allows to determine duration of ice build-up to the
given ice layer thickness. But it has the values of heat
transfer coefficients from water to the growing ice and to
the evaporating refrigerant. The both can not be deter-
mined with the necessary level of accuracy. Thus a direct
experimentation is necessary.

1. EXPERIMENTAL RIG
A lay-out of the experimental rig designed and con-
structed for the determination of ice formation time rate is

shown in Figure 1.
The rig consists of three similar blocks (Test sec
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tions 1-3). The main part of a section is a test copper tube
290 mm height, 10 mm outer diameter, 1 mm wall thick-
ness. Each tube is mounted inside of water jacket of 180
mm diameter.

A water circulation contour consists of a pump, wa-
ter piping, water tank, measurement and control systems
including regulation and stop valves.

Circulating water was fed in parallel and supplied
from the bottom of the jackets and removed from the up-
per part, so that an upward flow of water inside all jackets
took place. The flow rate of water was controlled by a
rotameter, adjusted and kept constant during every exper-
imental run by precision needle valves, and precisely
measured by the volumetric method. The water flow rate
could be maintained individually for each test unit.

A given temperature at the entry to the jackets has
been maintained by switching on / off of a cooling coil or
electric heater in the water tank.

The test tubes were hooked up to the refrigeration
(R12 and R22) contour in parallel on the refrigerant.

Although the refrigerants named above are forbid-
den or phased out for usage in the refrigeration and air
conditioning installation in EU, their use still allowed in
the laboratory and experimental units where possible
leakage is negligibly small (see. EU Reg. Ne 1005/2009)
[6]. Surely, the refrigerants used in now way are intended
to be used in any equipment, but rather the experimental
data obtained are intended to serve a reference for a wider
generalization and aimed at the derivation of an empirical
correlation allowing to calculate the duration of ice
growth valid for the range of refrigerants with sufficiently
different thermo physical properties. Further on a set of
similar experiments with R-134 and R-404 will be carried
out and the data will allow to extend the range of refriger-
ant’s physical properties variation.
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Figure 1 — Experimental rig:
a— lay out, b- cross sections of thermocouples’ location

The refrigeration unit has been equipped with all
necessary systems allowing control, measurements and
regulation of the evaporation pressure (evaporation tem-
perature) inside each test tube and condensation pressure
in the condenser.

A set of thermocouples installed in four equally
spaced cross sections along the tube, see Fig. 1b allowed
measurements of temperature of water at a distance
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40 mm from the tube surface and tube outer surface tem-
perature at the same cross section.

Time rate of ice layer thickness formed during the
experiments was measured by means visual technique.
Photographs of the test sections of pipes covered with ice
were taken from the front of the transparent water jackets.
Immediately before the experiments, an adjustment ses-
sion had been carried out including testing of different
lighting techniques and light sources, and calibration pro-
cedures which aimed at the determination of the best
measurement arrangements.

Photographs were taken with a digital camera Can-
on 350 D 8.2 MP and simultaneously with a web camera
HP HD-4110 (13 MP). Web cameras attached to each test
section operated by the Active WebCam software which
allowed taking pictures of the test pipes at any chosen
frequency and storing individual video files for every
section. Along with taking pictures with the web cameras
the individual pictures were taken with the frequency 1
picture per 30 second with a Canon 350 D camera. Syn-
chronization of the pictures taken by the Canon photo
camera on the time scale of the web camera has been
made by shooting a laser pointer beam on the test pipe
simultaneously with taking picture with the Canon camera
along with the continuous filming the process with the
web camera (Figure 2). The picture made by the Canon
camera with the red point collated with the individual shot
of the web camera film with the same red point.

Figure 2 — Synchronization of individual cadres

The measurements of iced pipe diameters have been
performed by a set of on screen measurements software
(ScreenRuler, PixRuler, Acad) (Figure 3). All of them
gave the results with the deviation of 0.2...0.4 mm.

Figure 3 — Ice layer thickness measurements
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I11. EXPERIMENTAL RESULTS

All experiments were carried out at a fixed water
flow rate which corresponds to Re=445+635 and water
inlet temperatures +1.5 °C, +4=5 °C, +7+8 °C, and
+10 °C.

Within a set of experiments on ice build up the
evaporation temperature (pressure) was kept constant at
the levels -5 °C, -9+10 °C, -15+16 °C, -20 °C and -25 °C,
whereas within the experimentation on ice thawing the
cooling of heat transfer surface stopped. The data ob-
tained within the sets of experiments allowed representing
the “history” of temperature changes at characteristic
points of the refrigeration contour (Figures 4 and 5). As a
starting point on the time axis the time of the ice appear-
ance on the cooled pipe has been taken.
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Figure 4 — Temperature change within the experiment
duration at the characteristic points at ty=-10°C,
ty="+1,5°C:
1+6 —refrigerant temperature at characteristic points;
7+8 — water temperature at the condenser.
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Figure 5 — Pressure change within the experiment dura-
tion at the characteristic points at t,=-5,1C, t,=+1,7°C:
P. — condensation pressure, Ps— suction pressure, Py,
andP,, — evaporation pressure in sect.1 and 2.

Data at figures 4 and 5 prove that the process within
the refrigeration contour may be considered as stationary
one, despite the fact that the external heat transfer was not
due to the continuous ice growth on the outside of the

pipe.
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As it follows from the data Figure 4, the temperature
on the suction side have reached its stationary value in
240 sec (6 min) and further on its change would not ex-
ceed 3 °C. At the same time, the evaporation pressure in
the experimental sections (Figure 5) reaches the set value
practically immediately. The set value of the evaporation
pressure has been carried out within the time of
60...240 sec for the experiments with the evaporation
temperature -5 °C and within 60 sec for all other series.

Since the duration of the stabilizing period would
not exceed 12% of the whole experiment’s duration and
as a rule coincides with initial (the most intense) ice for-
mation, a slight variation of pressure within this period
may well be neglected.

The plots of the water temperature change in the ex-
perimental units (Figure 6a) show that temperature differ-
ence does not exceed 0,3 °C and is insignificant. This neg-
ligible difference can be explained either by a systematic
error of measurements or by some unaccounted heat in-
put.

At the same time, the deviation of water temperature
on the height of the experimental sections does not exceed
0,5 °C and was kept within the limits +- 0,5 °C.
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Figure 6 — Water temperature change in experimental
sections at ty=-5,1°C, t,=+1,7°C: a - mean water tem-
perature in sections, b - water temperature at height of
section,
Tu + Tus — temperature in sections, /=3 respectively, /-4
— temperature at height, beginning from the bottom

It is clearly seen for the data at Figure 6 that within a
whole experiment duration the water temperature varied
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insignificantly, which allows to easily determine the value
of a mean water temperature within the experiment dura-
tion and use it for further analysis.

Visual observations show that ice formed at different
temperature differences (water-evaporating refrigerant)
looks different. At bigger temperature difference especial-
ly at higher water temperatures, ice formed is dim, non-
transparent with rough porous surface, whereas the ice
formed at moderate temperature difference and water
temperature 1.5...3 °C is dense, completely transparent,
although the ice layer thickness reaches 30 mm and more.
The surface of ice is glassy. The later is shown in Fig-
ure 3. The data obtained with the refrigerants R12 and
R22 demonstrate in general the same trends of reaching

an asymptotic value of ice thickness for a given tempera-
ture head but for each respective series for the two refrig-
erants there is a significant difference in maximum as-
ymptotic ice thicknesses at the comparable process pa-
rameters. Since the external heat transfer parameters are
kept significantly the same (which determines full equiva-
lence in the external heat transfer coefficients), the
marked difference may be explained only by the differ-
ence in the heat transfer to the evaporating refrigerants
due to their physical parameters difference. The data ob-
tained thus are arranged in series at a constant tempera-
ture of flowing around water and shown in Figures 7
and 8.
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Figure 7 —Ice thickness change with cooling by R12: 2, 3 — exp.sections number; I - ty=-5 °C, t,=+1,2 °C;

Il -t=-9 °C, t,=+1,5 °C; IIl - ty=-16 °C, t,=+1 °C; IV - t,=-20 °C, t,=+1,5 °C.
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Figure 8 —

Ice thickness change with cooling by R22: 2, 3 — exp.sections number; I - t,=-5 °C, t,=+1,6 °C;

I - t=-9,5 °C, t,=+1,7 °C; Il - ty=-15 °C, t,=+1,6 °C; IV - t,=-20 °C, t,=+1,6 °C; V - t,=-25 °C, t,=+1,6 °C.
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It is quite apparent that each series of data tends to
reach a certain asymptotic value, which could be termed
as a terminal for a given temperature difference value of
ice thickness. Since a growing ice layer acts as a gradual-
ly increasing thermal insulation, the terminal value of ice
thickness reflects a heat balance at which a state of ther-
mal equilibrium is achieved. In this state only heat trans-
ferred from the overflowing water on the ice-water inter-
face can be transferred to the refrigerant. No additional
ice may be formed after the state of equilibrium has been
achieved.

Similarly, the time intervals for reaching the termi-
nal asymptotic values increase as the temperature differ-
ence increases. The asymptotic character of the experi-
mental data allows choosing an optimal time interval of
ice formation i.e. charging of a cold accumulator, since
working after an asymptotic value of ice layer thickness

has been reached leads to the direct loss of energy spent
by the refrigeration compressors.

Right after the finishing of the experiments on ice
formation, the experimentation on ice melting began. All
the previous parameters were kept constant, but the flow
of refrigerant through the cooled pipe stopped, thus the
cooling ceased.

The experimental results with the melting ice were
proceed as described above, grouped in sets according to
the temperature of water and shown in Figure 9. Since the
initial values if ice thickness reached in the previous ex-
periments were different, the data are separated by the
valued of the initial thickness. As it can be seen for Fig-
ure 9 all data are grouped along the lines with a certain
slope. It is quite clear that the bigger the temperature of
water is the steeper the line slope is, which is completely
natural and is substantiated by the developed mathemati-
cal model.
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Figure 9 — Ice thickness change in time at melting regime:
2, 3 — Experimental section number ; 7 - t,=+4,3 °C;
II-t,=+45 °C; Il - t,=+4,6 °C; IV - t,=+5,4 °C.

IV. CONCLUSIONS

Experimental data obtained in the course of direct
experimentation were obtained at the conditions of direct
cooling heat transfer surface by the evaporating refriger-
ant.

Constantly growing ice layer thickness has been
measured by optical registration and visual objects pro-
cessing. The method has shown its accuracy repeatability
and reliability.

The data on ice melting obtained by the same meth-
od were processed similarly and presented.

The data are being used for the derivation of semi
empirical correlations for the calculation of engineering
parameters necessary for ice accumulator designing calcu-
lations.
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OOCNIMKEHHA NPOLIECIB FrEHEPALIT | NNABNEHHA BOAHOIO Nboay
HA BEPTUKAJIbHUX OXONOOXYBAHUX TPYBAX

Bukopucmanna axymynamopis xo100y € epekmurnum memooom eKoHOMii enekmpoenepeii, wo 6asyemo-
€Al HA NPUHYUNAX 2eHepayii 600HO20 TbOOY HA OXON00NHCYBAHUX BEPMUKANILHUX NOBEPXHAX 8 30HAX HIUHO2O0
mapu)y i maneHHi 600HO20 1b0OY, 8 30HAX «NIKOBUX» 200UH. Y KOPpOMKI nepiodu niko8o2o nonumy 3Hay-
Ha KilbKiCMb Menjiogoi enepeii KOMREHCYEMbCA 3a PAXYHOK NAAGNEeHHS 1b00Yy. AKmyanvHum € He minbKu
BUSHAYEHHA POSMIPY AKYMYIAMOPIE X0N00y HA OCHOSI OANAHCOBUX PO3PAXYHKIG, A KPUMUYHUM € 6U3HA-
yenHs nepiody HAKONUYEHHs 800H020 1b00Y. IIpedcmasneno excnepumMeHmanbty cekyito 0 00Cai0NCeH-
HA 2eHepayii 600H020 60Oy HA 8EPMUKANLHIN YUNTHOPUUHILI NOBEPXHI, WO 0X0N00x4CYembea. Buxopuc-
mano memoo besnepepsroi Gixcayii mosuwjuHy 1600y nio yac o2o niagnenus. Excnepumenmanvhi Oami
2eHepayii i NiagieHHs 800H020 Tb0OY npedcmagieHo i npoananizosano. Ompumani oawni popmyroms Oa-
3UC 0151 BUBEOEHHS HANIBEMNIPUYHUX KOPeNAYill, o 0036018Mb BUHAYUMU YACO8I IHMep8anuy, HeoOXioHi
0 eenepayii i niasneHts 3a0aH0i MOBUUHI 800HO20 T600Y.

Knruosi cnosa: JIio; Jugepenyianvhe piguanus, [lleuoxicme eenepayii 1600y, Boouuii nid; Tanenns,

Hocniona ycmanoska.
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