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Abstract: Tri-Phase Drying Technologies system exxdd energy savings by recycling heat
of vaporization. A fluid or solid medium circulatevithin the system to recover the heat of
vaporization (Recovery Phase) and returns it tor@dyct stream (Heating Phase). A
minimal counter-current air stream carries watepovafrom the heated product (Drying
Phase) so that the air is saturated at the heatvegcPhase. A multitude of apparatus types
can be adapted to the patent pending process.g¥nee of less than 500 Btu/lb of water
removed is possible. Results of an economic aisadye presented showing payback period
of about 3 years based solely on energy savings.
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1. TRI-PHASE DRYING PROCESS
1.1.Overview

The Tri-Phase Drying Process is a new, patent pgndiethod for drying various agricultural and inmias
products using very low energy inputs. It is imted to replace, in particular, convective heateddajers that
constitute approximately 84% of dryers currentlgtatled (Mujumdar, 2007). It may also be adaptedeplace
other types of dryers. The Tri-Phase technology aiten save more than 75% of the energy usedeimoval of
moisture, provide uniform treatment to all produnthimize product degradation from over-heatingpeer-drying,
and reduce emissions. Numerous configurationspassible to assure gentle handling and effectigailte for
drying a variety of products.

Tri-phase drying technology addresses the limitetiof conventional heated air drying. One may alige the
drying system as having three phases:

1. energy delivery

2. moisture removal

3. energy recycling.

Energy deliveryin the basic Tri-Phase system uses the media ditlaer air to carry reclaimed heat back to the
product. The media may be solid or liquid and rivjude air as a circulating transfer agent in aearstepwise
counter-flow product heating configurations detibelow. In any event, no exhaust of the heaieraig involved

so there is no discharge of sensible or latent withtrelated inefficiency.

Moisture removalis usually performed in a separate section of ThePhase system. Airflow in the moisture
removal phase is minimized to the amount requiectdrry away vaporized water in a counter-curréonyv f
configuration resulting in air temperature increasehe vapor load increases.

Energy recyclings accomplished by recovering heat of vaporizabgrcondensing water from the air leaving the
moisture removal phase and returning thermal engrgjye circulating media.

Figs. 1 and 2 illustrate the phases and equipnagwoul for a fluid media system using a rotary dtugater built as
a prototype. Thermodynamic analysis and experiatatdta collected by independent, third-party regeas on

the prototype dryer validate the energy savingseffidiency of Tri-Phase technology (Been al, 2008; Pate and
Hoeck, 2008; Hoeck, 2008; and Walsh, 2008).



Bernet al (2008) published results of tests conductedeSthivvers Manufacturing, Inc. facility in Coryddowa,

USA. They demonstrated operation at 800 Btu/llvafer evaporated and indicated the potential toothstnate
500 Btu/lb of water evaporated. They observe tiaprocesses may be scaled to any

Tri-Phase Drying Process
Phase 1 Phase 2

[ : 1

WET
PRODUCT

Phase 3
1

FLUID PUMP

AIR TO FLUID
HEAT EXCHANGER
{COUNTERFLOW)

o

EXHAUST
AIR ESQ
ROTATING
HEATING
DRUM
(COUNTERFLOW)

CONDENSATE I\
ouT

180°

—. N
AMBIENT AIR IN
(COUNTERFLOW)

C—%( lri-Phase
Drying Tectinologies, LLC

Fig. 1. Tri-Phase Drying Technologies’ phasestantperatures during steady state operation of thiefype.
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Fig. 2. Schematic diagram of Tri-Phase prototyparsodrum drying system.



desired capacity drying unit and may be applied t@ide variety of industrial dryer types such ast (ot limited
to): belt, conveyor, disc, fluidized bed, scresayt tunnel, and vertical column.

Pate and Hoeck (2008) considered the theoreticaésyefficiency by using energy and mass balancasd the
system phases. They conclude that “such dryetopdrate with theoretical energy consumptions f&58 to 600
BTU/pound of moisture removed when operated ab@eEr2’

Hoeck (2008) analyzed Tri-Phase drying technologstesn theoretical behavior with variation of theuts and
operating conditions and compared experimentaltsesith the theoretical predictions. “This anasyshowed that
the Experimental Data followed the same trend$i@g heoretical Model.”

Walsh (2008) observed tests and termed the systamirteresting drying technique...that results incamerall
thermal requirement of only 500 to 700 Btu/lb ofapuration.” He concludes, “This patent-pendinghiegue
appears to be compatible with various types of aticentact convection dryers as well as indirecttaot
conduction dryers.”

1.2. Fluid Media Designs

Fluid media Tri-Phase technology dryers can takeymdifferent forms. Fig. 1 shows the flow of pretlumedia,
and air through the system along with typical terapees.

A heating zone that acts much like a counter-ctitneat exchanger is used to transfer thermal erfeogy the fluid
to the product. The cooled fluid is reheated iheat exchanger where water vapor is condensed Warm,
saturated air from the drying/cooling zone. A depgental fluid heater adds additional energy to ftbel and
provides energy for system startup.

Fig. 3. Tri-Phase drying system for flowable partate with elevated product feed temperature.



The product flows through the heating zone wher¢einperature is increased and some water vapamnizesponse
to the increased energy content. The heated predters the drying/cooling zone where the watgovas picked
up by the low volume air stream. As additional evataporizes, the temperature of the product deesdue to
evaporative cooling (wet-bulb effect).

The low volume of air flowing counter-currently tioe product in the drying/cooling zone increaseteimperature
and vapor content. The role of this stream isaiwycvapor by maintaining a vapor pressure lowantthat within
the product. A minimum quantity of sensible heainf the product is used to increase the temperatutiee air
stream. This is drying air, not cooling air.

There are multiple physical drying apparatusesttteat be adapted to utilize the Tri-Phase Fluid Merliocess.
Fig. 3 depicts a low cost system designed to anydble particulate material using commercially &alde
components with a few modifications. The procéss fliagram is shown in Fig. 4.

Fig. 4. Flow diagram for fluid media with hot proet feed and reflux stream

This configuration overcomes one of the limitatiafishe basic Tri-Phase Process that is showngnFi In the
basic process the moisture removal per pass iteliniy the heat carrying capacity of the heatedyeb For many
products this effectively limits the moisture rerabper pass to less than 5 points, wet basis. fliltemedia with
hot product feed and reflux stream configuratidaves back mixing of the fully dried product, enalgilarge
effective moisture reductions. Due to the backingXeature, many products that would not flow tigb the
vertical column heating zone in the wet state fidlv in the dried state, enabling this apparatusd¢ased for many
product applications.

The Heating Zone shown in Fig. 4 may be implementdg modified versions of a variety of devicemoaonly
used as dryers. For example, mixed flow columoyshin Fig. 3), belt, conveyor, rotary tray, vealicascade, and
fluidized-bed dryers may all be modified at reasdeaost to serve as counter-flow product heatones.

Although generally not as cost effective as thevipresly listed devices, various indirect conductiaated dryers,
(such as rotary drum, disc, screw, and some paligérs) may also be modified for use as the Heationge.

A variety of apparatus types may be utilized asDhgng/Cooling Zone shown in Fig. 4. In-bin coanflow
dryers (shown in Fig. 3), vertical column chambsii®s with bin bottom unloaders, modified belt &weyor
dryers, or rotary tray dryers can move product tedourrent to airflow to provide the environmeetassary for
the Drying/Cooling Zone..



Some embodiments of the Tri-Phase Process mayraigporate a heat pump into the system, providizgro
emissions configuration and additional gains inrgpefficiency (See Fig 5).

Fig. 5. Tri-Phase Drying Technology system diagreith heat pump options.

Pate and Hoeck (2008) and Hoeck (2008) conductsatétical analysis of the basic Tri-Phase Procétssemergy
use dependent upon the temperature differenti#tb(@é¢ across the various heat exchange elemeatsK). 6
below). Operation temperature in Fig. 6 referthtomaximum temperature of the heating fluid.

The Hoeck (2008) reported decreased “Figure of Méenergy per unit of water evaporated) as thereg@gh
temperature difference T) decreased. This result is consistent with th@eetation that lower approach
temperature differences result in higher systemctiffeness.

Experimental data show the prototype system behagesf it maintains a theoretical approach tempeeat
difference around 17.5°F. This suggests the pitisgifor substantial design improvement of the fotgpe system
as tested. Such improvements have the potentiaktdt in substantially increased energy utilizati

While it may be difficult to achieve designs thaeehthe T = 5°F graph, one can reasonably expect to design
dryers utilizing the Tri-Phase technology that @peiin the T = 1FF to T = 15F range. As one can see by close
study of Fig. 6, such dryers will operate with tred@al energy consumptions from 350 to 600 Btufgbof
moisture removed when operated above’200

1.3.Solid Media
Agglutinative, mucilaginous, and other moist, safid viscid materials (such as sludge or manurg)bealried

with Tri-Phase drying technology solid media coofigtions. Fig. 7 shows the basic flow configunatid a Tri-
Phase Drying Technology solid media dryer. Indsatiedia configurations, the hot media are mixedh wie



Fig. 6. Tri-Phase process energy use versus épetamperature at various approach temperatuferdifces (T).
Hoeck (2008).
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product and the aggregate travels through the grgjystem. Product is heated primarily by conducti@vater
changes phase and is removed by a low volume aftepgurrent airflow. The medium is separated fthm
product after discharge from the drying/cooling agpus. The solid medium is reheated first in t@uourrent
flow with the warm saturated air from the dryeréglaim latent heat by condensing of the water vapad
secondly in a makeup heater. The solids heatersaigplies the heat for system startup. In Fighéat pump
recovers heat of vaporization remaining in theaftier media regeneration and preheats air for thieeup heater.
Media selection is based upon desirable charatitsrisuch as high volumetric heat capacity, duitgbénd safety
in the event of dried product contamination.

Fig. 8 shows the equipment layout for a Tri-Phadiel snedia system using a rotary drum as dryingiogaone,
inclined media regenerator with integrated makeegtdr. The wet product need not be permeableftovaifor
this configuration.

Fig. 8. Tri-Phase Drying system using solid media rotary drum.

1.4.Energy Efficiency

Energy use by the Tri-Phase Process is summarzédtle 1. Although prototype results to dateiarthe 730 to
830 Btu/lb of water evaporated, improvements im@mercial scale dryer are expected to yield 5080 Btu/lb
of water.

Table 1 Tri-Phase Drying Technologies Energy Use.

Btu/lb of Water

Evaporated
Tri-Phase Drying Technology demonstrated to date 0—7330
Attainable for commercial applications 500—600
Theoretical 350—500

Tri-Phase with heat pump assist 200—300



The Tri-Phase Drying Technologies system usesiadditmotors for product and media conveyance (artiaps
a heat pump) than some other dryer types. Buitflew to carry water vapor from the product isehuess than
conventional convective dryers that use air as bdibat carrier and vapor carrier leading to lof@arpower
requirement. The net effect of additional motarsery small compared to the heat energy savings.

1.5.Economics

An economic analysis conducted on the Flowablei®date Dryer shown in Fig. 3, for the drying ofiéa
Distillers Grain with Solubles (DDGS) in a dry milbrn ethanol facility is summarized in Table zhisTanalysis is
part of the report by Shivvers (2009).

Table 2 Costs and payback of Tri-Phase Drying Teldwies dryer for DDGS from
50 million gallon/year corn ethanol plant producing
147,000 tons/year of 11% moisture content DDGS
assuming natural gas at $7//MMBTU

Moisture Content Reduction 21%t011% 38%to 11%
Tri-Phase Drying/Cooling Zone Flow Rate, bushelatho 3000 4500

Size (diameter), feet 48 60

Annual Energy Savings, USD $ 405,000 $1,366,000
Total Installed Cost, USD $1261,000  $3,800,000
Payback Period, years 3.1 2.8

Payback period is based upon discarding the fgsilturrent DDGS dryer and replacing it with a Ptliase
Flowable Particulate Dryer, recovering the totatatled cost of the Tri-Phase dryer with energytseavings.
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Note: This is last-minute submission with the araiimperial units. The conversion factors arecdies:

BTU/Ib = 2.326 kJ/kg

Bushel (US bu) = 35.238 L

Foot = 0.3048 m

Gallon (US gal) =3.785 L

MMBTU = 10° BTU

Degree Celsius = (°F-32)x 5/9

Temperature difference: 1°F = 0.556°C



