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Abstract. The issue of increasing the energy efficiency of condensing heat pumps, which are
used in convective drying devices with the closed circulation of the drying agent, was considered. In
these devices, moisture from the volume of the drying chamber was removed in liquid form by
cooling the humidified drying agent to the dew point temperature and condensing the water vapor
contained in it. At the same time, the productivity of the drying device for the removed moisture was
limited by the value of the refrigerating capacity of the heat pump device. It was shown that the
increase in moisture removal and the increase in the energy efficiency of the process can be
achieved by "cold" recuperating. A recuperative heat exchanger based on thermosiphon heat pipes
was developed and investigated, and its performance characteristics were obtained. In the
recuperator, the moistened drying agent was partially cooled before being fed into the heat pump
evaporator due to heat exchange with the already cooled dry heat carrier, which, depending on the
efficiency of the recuperator and the temperature regime of the heat pump operation, made it
possible to reduce the energy consumption for the drying process by 1.5-2 times.
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Introduction. Convective drying processes are widely used in various industries
and belong to the most energy-intensive technological processes. Along with the
undoubted advantages, expressed in the simplicity of design and operation,
convective drying devices have a number of significant disadvantages, the main ones
of which are: significant heat loss with the exhaust drying agent, the dependence of
the intensity of the drying process on the moisture content of atmospheric air, as well
as insufficient protection of products from possible damage microorganisms found in
the environment. The consumption of thermal energy during convective drying
reaches 6000 kJ per kilogram of removed moisture, therefore, solving the issue of
reducing energy consumption and intensifying the drying process is an urgent
scientific and technical problem.

One of the promising directions in solving this problem is the use of heat pumps.
The use of heat pumps in convective drying processes provides a significant
reduction in the value of specific energy consumption in comparison with traditional
systems [1, 2]. In addition, the heat pump allows, regardless of environmental
conditions, to maintain the required heat and humidity parameters of the drying agent
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and create well-controlled drying conditions. In case of heat pump drying, the
moisture removed from the product was not carried out by the drying agent into the
environment, but was condensed on the cold surface of the evaporator and was
removed in liquid form. The physical heat of the exhaust air perceived by the
evaporator and the latent heat of condensation of the water vapor contained in it at a
higher temperature level were returned to the drying process, which made it possible
to reduce the consumption of primary energy.

Materials and methods. Heat pumps used in convection dryers are divided into
two types - recuperative and condensing. Recuperative heat pumps are used in direct-
flow drying devices, in which there is a one-time passage of the heat carrier through
the material which must be dried. The circulation of the heat carrier is organized in
such a way that moist air ejected from the dryer is fed into the evaporator of the heat
pump, and atmospheric air entering the dryer is fed into the condenser. The energy
efficiency of a recuperative heat pump was estimated by the conversion factor and
depended on the temperature difference between the input and output air flows. The
smaller this difference, the higher the conversion factor.

Condensing heat pumps are used in dryers with closed circulation of the drying
agent. Removal of moisture from the volume of the drying chamber was carried out
by dehumidification of the heat carrier. In this case, the spent humidified heat carrier
was cooled in the heat pump evaporator to the dew point temperature, at which the
moisture, assimilated by it, condensed. The energy efficiency of a condensing heat
pump was characterized by the amount of condensed water in kilograms per kilowatt-
hour of energy consumed.

Condensing heat pumps are able to controllably reduce the moisture content of
the drying agent, which made them indispensable in solving the problem of
intensifying moisture removal during low-temperature drying of thermolabile
materials. So, at drying temperatures below 50°C, the moisture content of the drying
agent decreased from 15 to 10 g/ kg d.m. intensified heat and mass transfer by 25%,
and a further decrease in moisture content to 8 g / kg d.m. provided an increase in
intensity by 35% [3].

When the coolant was dehumidified by condensation, the capacity of the device
for the removed moisture was limited by the value of the cooling capacity of the heat
pump device. Under these conditions, the increase in moisture removal and the
increase in the energy efficiency of the process can be achieved by "cold"
recuperating.

Recuperating of "cold" in the cycle of heat pump condensation drying can be
carried out in the following ways:

1. After passing over the product which must be dried (Fig. 1a, process a-b),
the humidified heat carrier was partially cooled in the «air-to-air» recuperator
due to heat exchange with the cold heat carrier leaving the evaporator
(process b—b') and was further cooled in the heat pump evaporator (process
b'—c—d) to the specified dew point temperature (state d). The dried cold heat
carrier was heated in the «air-to-air» recuperator due to heat exchange with
the flow entering for cooling (process d—d'), was warmed up in the condenser
of the heat pump (process d—a) and was returned to the drying chamber.
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2. The heat carrier passing over the product which must be dried (Fig.1b,
process a—b) was divided into two streams, one of which was cooled and
dehumidified similarly to the previous version (process b—b'—c—d), after
which it was mixed with the rest of the damp heat carrier (processes d—e and
b—e) and in state e entered the heat pump condenser for heating (process e—a).

Thus, in both cases, the use of a recuperator made it possible to reduce the load

on the heat pump evaporator by the value Hb - Hb'.
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Fig. 1 — H-d diagram of the process of condensation heat pump drying:
a) with “cold” recuperation and cooling of the entire heat carrier flow;
b) with “cold” recuperation and cooling of the part of heat carrier flow

Earlier, there was developed an «air-to-air» recuperator operating on the
principle of a vapor-liquid thermosiphon and the efficiency of its use for heat
recuperation of the spent heat carrier in a spray dryer was studied [4].

Traditional thermosiphon heat exchangers-recuperators are structurally a
package of vertically arranged heat pipes placed in a single body. The lower half of
the heat pipes is in the zone of the heating medium, and the upper half is in the zone
of the heated one. In such heat exchangers, each heat pipe is an independent element
of the system and is a sealed edged tube filled with a working agent. The main
advantage of the traditional design of recuperators with heat pipes is their high
operational reliability, since depressurization of several heat pipes does not lead to a
loss of efficiency of the entire system. The disadvantages include low maintainability
due to the complexity of diagnosing the failure of individual heat pipes, as well as the
high labor intensity of manufacture and the relatively high cost of these devices.

In order to reduce the labor intensity of manufacturing recuperators on heat
pipes and to make them cheaper, there was investigated the possibility of creating the
recuperator based on industrial air heaters, as well as air condensers and evaporators
used in refrigeration technology.

To determine the heat transfer capacity of the recuperators of this design and to
identify their operational features, laboratory tests of experimental samples of devices
made on the basis of edged heat-exchange sections produced by the “Conditioner”
plant (Kramatorsk) were carried out.
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The heat exchange section (Fig. 1a) had 2 rows of copper pipes with aluminum
edges fitted on them. The pipes were connected in series with each other by rolls and
formed a continuous coil with input and output on the extreme tubes. The
manufacture of a thermosiphon heat exchanger included evacuation of the tube
bundle, filling it with the required amount of working agent, and sealing. In the
recuperator body (Fig. 1b), the heat exchanger tubes were located vertically, and the
heat exchange section was divided by a horizontal partition into two cavities, isolated
from air flows. The upper part of the heat exchanger was the condensation zone of
the thermosiphon and served to heat the cold air flow, and the lower part was the
evaporative zone of the thermosiphon and served to extract heat from the hot air flow.

Fig. 2. Experimental recuperative heat exchanger:
a) — edged heat exchanger section; b) — scheme of the heat exchanger in the
recuperator body

In contrast to recuperators of traditional design, in which each tube was a
separately charged heat pipe, in this unit all pipes were interconnected by rolls and
the recuperator had only one branch pipe for filling the agent and sealing the system.
After filling into the system, the liquid agent was initially located in the tubes closest
to the filling nozzle, and its redistribution along the heat exchanger occured already
during the operation of the apparatus: when hot and cold air flows were supplied to
the recuperator, the working agent was uniformly distributed through the system by
successive evaporation and condensation in the communicating tubes. The amount of
agent charged into the system was calculated based on the condition of filling all the
lower heats of the heat exchanger to about a third of the height.

In comparison with a traditional heat pipe recuperator scheme, a heat exchanger
with a similar circuit organization can have a number of thermal engineering
advantages:

- by providing the possibility of mass and heat transfer not only along individual
pipes, but also between adjacent pipes, conditions were created for smoothing
possible temperature irregularities in the heat carrierflow;

- the procedure for diagnosing and refueling the system was simplified in the
event of a leaking working agent (it was almost impossible to find a separate heat
pipe that failed in a conventional apparatus).
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The main indicator characterizing the degree of perfection of recuperative heat
exchangers is the efficiency (E) of the apparatus. The value E shows the share of
useful heat used and is numerically equal to the ratio of the actually transferred heat
to the maximum possible.

With the same mass flow rates of the heated and cooled heat carrier flows, the
efficiency of the recuperator is expressed by the formula

T:utput _ Tznput
- T}ilnput _ T::nput

In recuperators with heat pipes, the efficiency depended on the number of rows
of heat pipes. The limiting efficiency of a recuperator with one row of heat pipes was
estimated (Fig. 3a).
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Fig. 3. Scheme of recuperator on heat pipes:
a) — with one row of heat pipes; b) — with n rows of heat pipes

During the operation of the recuperator, the transfer of heat from the hot air flow
to the cold one was carried out due to the evaporation and condensation of the
working agent in the heat pipe. The working agent evaporated in the hot lower zone
of the heat pipe and condensed in the cold upper zone, after which it returned
downward by gravity. As a result, the cold air stream was heated up and took on the
temperature tct+At, and the hot stream was cooled down to the temperature th—At.
When the temperature tc+At = th-At was reached, the heat transfer stopped, because
the temperatures in the condensing and evaporating zones of the heat pipe equalized.

Hence it followed that the maximum heating of the heat carrier in a single-row
recuperator on heat pipes cannot exceed the value At = (th—tc)/2 and the limiting
(theoretical) efficiency of such a heat exchanger was E = 0.5.

The recuperator with n rows of heat pipes (Fig. 3b) was considered. Similarly to
the previous variant, with the same mass flow rates of the heated and cooled flows,
the heat transfer stopped when the temperature in the evaporating and condensing
zones of the heat pipe was equalized, i.e. upon reaching the temperature at the output
of the recuperator tc+n At = th - At. From which it follows:

n- At n

t, —t
At=-"—¢ and E = =
n+1 t,—t, n+l

c

The curve of the dependence of the maximum efficiency of the recuperator on
the number of rows of heat pipes (Fig. 4) showed that with 4 or more rows, the
efficiency of these devices approached that of rotary recuperators.

An experimental sample of a recuperator based on thermosiphon heat pipes was
investigated as part of a heat pump device of a laboratory condensation dryer (Fig. 5).
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Fig. 4. Ultimate efficiency of the recuperator on heat pipes
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Fig. 5. Schematic diagram of the laboratory condensing heat pump dryer:
1 —drying chamber, 2 — compressor,; 3 — condenser, 4 — circulating fan, 5 — rotary gate; 6 —
thermoregulating valve,; 7 — recuperative heat exchanger,; 8 — condensate collector, 9 — evaporator
—p — —cooling agent;
ol - drying agent,;
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Fig. 6. Dependence of energy consumption for moisture removal on the
efficiency of the recuperator E (at ta =60 JC and da =20 g/kg d.m.).

The drying process was as follows. The material was placed on trays and loaded
into a drying chamber where a hot drying agent was circulated. Passing over the
material, the drying agent heated it up and dehydrated it, while increasing its moisture
content. Part of the spent wet drying agent was fed by the circulating fan 4 to the
recuperative heat exchanger 7, where it was cooled by heat exchange with the drying
agent leaving the evaporator 9. After precooling in the recuperator, the drying agent
was cooled in the evaporator to the dew point temperature and liquefied moisture was
removed from it, which was collected in the condensate collector 8 and removed
from the dryer. The dehydrated drying agent was heated in the recuperative heat
exchanger 7 and was fed by the fan to the condenser of the heat-carrying device 3,
where it received the condensation heat of the cooling agent and was heated to the
required temperature. After leaving the condenser, the hot dewatered drying agent
was mixed with the spent drying agent and sent back to the drying chamber.

The results of testing the condensing heat pump with the recuperative heat
exchanger showed that cold recuperation using the «air-to-air» heat exchanger was an
effective technical solution that allowed to reduce the installed capacity of the heat
carrier device and reduce energy consumption for the drying process by 1.5-2 times

(Fig. 6).

References:

1. Alves-Filho O., Strommen 1. The Application of Heat Pump in Drying of
Biomaterials [Drying Technology], 1996. - V. 14, Ne 9. — P. 2061-2090.

2. T. Kudra, Arun S. Mujumdar. Advanced Drying Technologies. — 2001. —
472 p.

3. Snezhkin Yu.F., CHalaev D.M., Dabizha N.A. Obezvozhivanie kolloidnyh
kapillyarno-poristyh materialov v usloviyah vysokovlazhnostnoj sredy [Trudy V
Minskogo mezhdunarodnogo foruma po teplomassoobmenu], Minsk. — 2004. — P.
256-258.

4. Grabov L.N., Chalaev D.M., Shmorgun V.V., Karpovec A.A. Rekuperaciya
teploty otrabotannogo v raspylitel'noj sushilke teplonositelya s ispol'zovaniem

ISSN 2663-5712 48 www.sworldjournal.com



A
SWorldJournal Issue 8 / Part 1 /\]Ze:?j\)

teploobmennika na teplovyh trubah [2-ya Mezhdunarodnaya nauchno-prakticheskaya
konferenciya “Sovremennye energosberegayushchie teplovye tekhnologii (sushka 1i
teplovye processy) SETT-2005] Trudy konferencii, 11-14 oktyabrya 2005 g.,
Moskva, 2005. T.2. P.78-80.

Anomauia.  Posenadaemvcs  numauHs — NiOBUWEHHS — eHepeemuyHoi  eghekmugHocmi
KOHOEHCAYiuHUX Menio8ux HAacocie, sKI BUKOPUCMOBYIOMbCA 6 KOHGEKMUBHUX —CYUUIbHUX
VCMAHOBKAX 13 3aMKHYMOI0 YUPKYIAYIEIO CYUUTLHO20 d2eHma. Y yux yCmaHnoekax onoz2a 3 oocazy
CYWUNbHOI KaMepu BUBOOUMbCS 6 DpIOKOMY GU2IAOL, WIAXOM OXOJOONCEHHS 360]10MHCEHO20
CYUUTILHO20 azeHma 00 memMnepamypu mouyku pocu i KOHOeHCayii MICmumscs 8 HbOMY B00AHOI
napu. Ilpu yvomy npooykmueHicme CYWUILHOI YCMAHOBKU NO BUOANEHIU 801031 JIIMIMYEMbCs
BENIUYUHOIO  XOJIOOONPOOYKMUBHOCMI  MeNni1oHAcoCcHo20 azpecamy. Illokaszano, wo 30inbuienHs
60102068U0ANIEHHSA | NIOBUUEHHS eHepeemUYHOI eeKmUsHOCmi npoyecy modce Oymu 00CASHYMO
wisixom 30iUCHeHHs peKkynepayii «xonodyy. Po3pobneno ma o0ocniodceno pexynepamuHuil
MenI00OMIHHUK ~HA  OCHOGI MEPMOCUPDOHHUX MEeNnI08ux mpyob, ompumaui 1020 poboUi
Xapakmepucmuku. Y pexynepamopi 360J10M#CeHUll CYWUTbHUL a2eHm nepeod nooayerd 8 GUNAPHUK
MEeNnn08020 HACOCA YACMKOBO OXON00NHCYEMbCA 34 PAXYHOK MENI00OMIHY 3 YoHce O0XOJI0ONCEHUM
BUCYUWEHUM  MENJIOHOCIEM, WO, 6 3ANedCHOCmi 80 egeKmusHocmi pexynepamopa i
MeMnepamypHo20 pexcumy pobomu menioso2o Hacoca, 0036o1i€ 6 1,5-2 pasu 3meHwumu
eHepeosumpamu Ha npoyec CYUiHHs.

Knrwouoei cnosa: cywxa, mennoguti Hacoc, peKynepayis menid.
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