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THEOREITCAL ANALYSIS OF A NOZZLE
CONDENSATION- DRYING CYCLE
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Abstract

The energy required for industrial drying processes consumed by a conventional
dryers arc essentially thrown away without the ability to recover the latent heal of water vapor
in the air, significant reductions in drycr cnergy usage cannot be made. In an attempt to
recover the latent heat of the water vapor, a closcd drying cycle is proposed, whiclt uscs a
nozzle-as the means Lo recover this energy (rom moist-saturated air. This nozzle condensation
drying cycle (NCDC) is composcd of (he following components: dryer, nozzle, diffuser, air-
water scparator, heat exchanger and compressor. Analysis of this drying cycle shows that
ideally this cycle requires lower energy compared with an ideal open cyele hicated dryer or a
heal pump dchumidification cycle. However, when equipment isentropic elliciencics arc
included, the encrgy costs arc approximatcly a third of the cost of the ideal open cyele healed
drycr. The cycle can be operated at varying conditions, allowing for a single design lo be
utilized for various applications. Other advantages arc in applications that require drying of
hazardous liquids (rom a product.

Keywords: Drying; Recovery; Heat of vaporization; Nozzle; Condensation.

Nomenclature h, Specific cnthalpy of walcr vapor at

a,, Sonic velocity at statc 2 assuming state i, (kVkg)
an ideal gas, (1/s) nt,,  Mass llow rales of air, (kg/s)

h, Specilic enthalpy al state i, (kJ/kg)

h. Specific enthalpy of condensate, m,,., Mass flow rates of condensate,
(kJ/kg) (ks/s) _

h,  Specific cnthalpy of air at statei, 1.,' Pressurc at state i, (kPa)
(kJ/kg) Q Rate of lieat transfer, (kJ/s)

By Specific  enthalpy of saturated q.. Specific hcat transfcr per unit mass
liquid cvaluated at Ty, (kV/kg) of dry air, (k//kg)
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q.ma Specific heat transfer from the heat

pump cycle’s condenser per unit
‘mass of dry air, (kJ/kg)

G Speeific heat transfer from the heat
pump cycle’s evaporator per unit
mass of dry air, (kVkg)

Y Specific heat input required for an
open heated dryer per unit mass of

condensate, (kJ/kg ons )

R specific universal gas constant, ,
(kJ/kg. K)

5, Specific entropy at state i, (kVkg.K)

5, Specific entropy of condensate,
(ki/kg.K)

T Temperature at state i, (K}

AT pinci Temperature differential  at

cvaporator and condenser pinch
points, °C
e Specilic  internal  encrgy  of

saturatcd liquid cvaluated at T, ,
(kJ/kg)

V, Velocity at slate 2, {n/s)

War  Specific work required by the
.compressor per unit mass of dry air,
(k‘]/kgair)

Weond Specific  work  required by the
compressor per unit mass of
condensate, (kJ/kg omi )

k Specilic heat ratio

N comp iSentropic  cfficiency  of the

compressor
a4y isentropic efliciency of the diffuser

M- isentropic ctficiency of the nozzle

w; Specific  humidity at statc |,
(kg/kgair)
1.Introduction

Of the total encrgy required for many
manufacturing processes, a significant
portion is used for industrial drying
processes, estimated at 12 % [I]. Often
these industrial dryers operate without any
provisions for heal rccovery [2] This
means that almost all the cnergy consumed

by the dryer is essentially thrown away.
Without the ability to recover the latent -
heat of the water vapor in the air,
significant reductions in dryer encrgy
usage cannot be made.

Additionally, = many  applications
require that the drying process is
performed over a range of temperatures
and for various amounts of water removal.
Moraitis and Akritidis [2] cite an example
in cereal facilities where the temperature
must be varied between 120 and 45°C, and -
the amount of water removed varies
between 0.025 and 0.005 kg water/kg dry
air for different types of grains. For
applications where operating parameters
are varied, any method to recover the latent
heat of the water vapor must be capable of
adapting to these varying opcrating
conditions.

Present  rescarch will examine the
operation of a closed drying cycle that can
recover the latent heat of the water vapor.
Therefore, this cycle is opecrated without
any mecans of cxiernal heat addition. The
only cnergy addition for this new drying
cycle is clectrical encrgy supplicd to a
comprcssor. Additionally, this cycle can
opcrate over a wide range of operating
conditions without inodification.

2. Existing technologics

The most widely recognized
method of drying is by a heated open
cycle. For this eyele, ambient air is heated
by passing the air over clectric coils or
through a flame. The hot air is passed over
a wet product, here the energy, which was
added to the air during heating, s
transfcrred (o the water in the wet product.
This cnergy transfer provides the waler
with the nccessary heat of vaponization to
evaporate the water, This evaporated water
(waler vapor) mixes with the air and is
carried out of the drying area. This
psychometric mixture (moist air) can be
exhausted to the environment. By this
mecans, water is removed from a wet
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product and expelled to the surroundings.
A disadvantage to this open cycle is that
the added heat is exhausted to the
environment and not recovered,
essentially, it is thrown away.
Additionally, the performance of the cycle
is dependent upon the atmospheric
conditions and will change with changes in
humidity and / or tcmperature.

An example of aclosed cyclc that

is used for drying is a heat pump
" dehumidification cycle. In this cycle, the
moist air exiting the dryer is passed
through the evaporator of a heat pump
cycle. In the evaporator, heat is transferred
from the air to the heat pump cycle’s
rcfrigcrant, cooling the moist air. Cooling
the moist air causes the water vapor lo
condense. The air exits the evaporator at a
lower temperature and a lower humidity.
This air is often passed through the
condenser where heat is transferred from
the refrigerant to the air. The air exits the
condenser at a high temperature and
humidity, where it can no enter the dryer.
This closed cycle does not require an
extermal heat source; however, cnergy is
required to run the heat pump’s
compressor. Disadvantages of this cycle
are the capital costs associated with a heat
pump cyclc (i.e., condenser, evaporator
and compressor) and the inconvenience of

having to use refrigerants.

Nozzle closed drying cycle the
expansion of moist air in a nozzle provides
the water-condensation means for a novel
drying cycle. The nozzle closed drying
cycle (NCDC) shown in Fig. 1 is
composed of the following six
components; dryer, nozzle, diffuser, air-
water separator, heat exchanger and
compressor. Tracing the flow of the moist
air through the components provides an
understanding of steady state operation of
the cycle.

Hot of moist air with a low of
relative humidity enters the dryer. Water
within the dryer (provided the wet product)
evaporates. This evaporation cools the

moist air. The saturated air enters the
nozzle where it is expanded to a high
velocity and a lower temperature and
pressure. As a result of the lower
temperature and pressure, condensation
from (he moist air occurs, assuming
thermal equilibrium. The two-phase
mixture, moist air and condensate, enters
the diffuser where the mixture is slowed to
stagnation conditions, assuming frozen
flow. Discussion of thesc thermal
cquilibrium and frozen assumptions are
provided in the next section. The mixture
enters the separator whcre the condensate
is rejected. At that point in the cycle the
moist air exists at a lower pressure and 4
higher temperature than the statc at which
the air enters the dryer. Therefore, Heat is
rejected by means of heat exchanger to
lower the temperature of the {low. Finally
the air enters a compressor 1o increase the
pressure of the air to the state at which it
enters the dryer.

The need to havc a heat exchanger
(cxternal heat rejection) in a drying cycle
may seem counterproductive. However, if
the entire cyclc is looked at from a
conservation of energy perspective, the
nced to have this heat rejection is shown.
Fig. 1 shows that energy is being input into
the cycle by the compressor and by the
enthalpy of the water in the wet product
entering the dryer. Without the heat
exchanger, the only energy that would be
exiting the cycle would be the enthalpy of
the condensate. When the cycle operates at
steady state, the sum of the energy entering
equals the sum of thc energy exiting. In
general, the enthalpy of the condensate
exiting the cycle does not equal the sum of
the compressor work and the enthalpy of
the water entering the dryer. Thereforc, the
heat exchanger must be included in the
cycle for it to operate at steady state.

The nozzle in the cycle provides a
means of heat recovery, which allows the
cycle to operate with no external hcat
addition. In the dryer, the relatively dry air
provides the heat of vaporization to the
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water in the wet product, causing
evaporation and a reduction in the air
temperature. In the nozzle, water
condenses from the moist air allowing the

air to . recover its lost heat of vaporization.

However, condensation within the nozzle
induces a stagnation pressure loss,
requiring a compressor for the cycle[3].

Heat transfer

3 P tetaticetetenesed
Seo L L S
il ERERL TR HAY
Diffuser Condensale
=R Compressor
Work
2
Nozzle
g l Dryer
Wet product
{water)

Fig. 1. Schematic of nozzle condensation- drying cycle

3. Analysis
3.1.Governing equations

The dryer is modeled as an
adiabatic saturation process. This process
is assumed to occur at constant pressure
with saturated exit conditions [4]. At
steady state, the water entering the control
volume is assumed to be a saturated liquid
at the same temperature as the moist air
leaving the dryer. For these assumptions
the energy equation on a per unit mass of
dry air basis is:

b —hg =(@ @ ) hy g,

h =h,;+oh

i -

M

(2)

For this analysis, the dryer will be
treated as a continuous process with water
(wet product) being continuously supplied.
However, the dryer can be modeled as a
batch process such as a clothes dryer.

The mixture at the exit of the
nozzle is assumed to be composed of

saturated moist air and condensate in
thermal  equilibrium.  According to
Wegener [5], thermal equilibrium can be
assumed for condensation within a nozzle
when aerosols are present in the flow, such
that heterogeneous nucleation of the
condensate can occur. It is assumed that
the industrial or residential applications,
for which this cycle is used, will have
sufficient particles, i.e. dust, lint, etc. that
the mixture will be in thermal equilibrium.
The energy equation for the process from
state 1 to state 2, assuming no slip between
the condensate and the air is:
Vi

h=h+(®—-w)h +(1+o),) 57 3)

In classical compressible duct flow
of an ideal gas without condensation, the
flow is assumed to be isentropic. An
equivalent isentropic analysis for this flow
is made by assuming no entropy
generation, yielding the following entropy
conservation equation:
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Sy =5, +(w—@,)}S. C))

Egs. (3) and (4) along with the saturated
assumption, define an isentropic state 2.
For the remainder of this paper the
subscript “s” will denote isentropic state. A
nonisentropic saturated state 2 at the same
pressure, as state 2s is determined from the
nozzle efficiency, defimed by:

I Vi b —hy - (@,-w )k,
Tyl b~y ~ (@4 @ )y,
&)

The analysis of the diffuser is
simlar to the analysis of the nozzle, except
that the flow is assumed to be
thermodynamically frozen and the moist
air exiting the diffuser is not saturated.
Assuming frozen flow in the diffuser treats
the condensate as if it is isolated from the
moist air. Therefore, the specific humidity
of the moist air is determined to be
constant through the diffuser {iom a
conservation of mass analysis. The
condensate is assumed to remain at
constant temperature with no evaporation
through the diffuser. The reason that the
flow acts as if it is frozen, which is because
of the ecvaporation of the droplets, is
limited by the kinetics of the evaporation
process. The time that a water dropiet take
to travel through the diffuser is assumed to
be small compared with the time that it
would take to evaporate. This argument is
supported by the f{ollowing observations.
Wegener reports that through an entire
wind tunnel circuit, ice clusters and/or
water droplets can exist [S]. Additionally,
Boerrigter notes that when condensation
occurs in the H3 wind tunnel at the von
karmen Institute water droplets accumulate
in the settling chamber [6] Based upon

these observations, the assumption that the
flow is frozen through the difTusion
process appears to  be a good
approximation. Non-frozen flow will be
looked at in a later section,

The conservation of entropy,
diffuser cfficiency, and conservation of

energy equations for the diffusion process
from state 2 to state 3s and state 3, arc as
follow:

SJ.G =S2 (6)
h}s - hz
7 ag == M
T hy —hy
% 2
h2+(l+w|)*;—=h3 (8)

In the air-water separation proccss
all of thc condensate is assumed to be
removed. According to Talavera [7] gas/
liquid separators can have gas pressurc
drops as low as one half of an inch of
water. However, the type of separator uscd
and therefore, the pressure drop, will vary
according the application. Thercfore, for
simplicity, it is assumed that the separator
removes all of the condensate and that the
pressure, temperature, and specific
humidity of the moist air remains constant
from state 3 to state 4.

The final two components of the
cycle, the heat exchanger and compressor,
are modeled by the  standard
thermodynamic  assumption for each
component. The pressure and specific
humidity across the heat exchanger are
assumed to be constant, the relative
humidity of the moist air entering the heat
exchanger is low enough (Iess than 20%
for most cases) so that condensation in the
heat exchanger will not occur. The specific
humidity across the compressor is constant
and the exit state from the compressor is
related to the isentropic exit state by an
isentropic efficiency, 7 ,,, . The specific

heat transfer from the heat exchanger and
the  specific work required by the
compressor, on a per unit mass of dry air
basis, are given as follow:

¢
Gair = =hy = hs 9
mair
74
Woir = =hg —hs (10)
m g
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The mass flow rate of water removed
(condensate) per unit mass of dry air is
given by:

m

cond _

=0 |~W (1)

mm’r
Dividing Eq. (10) by Eq. (11) yields a
convenient form of the work equation, the
work required per unit mass of water
removed,

W Wair
W ocond™= =— (12)

Meond M eond

-

My

3.2. Solution technique

The proceeding equations, as a
result of the necessary of including air and
steam/water properties, cannot be solved
explicitly. The use of the computer
program Engineering Equation Solver
(EES)[IO] provides the means of

numerically solving the system of
equations. EES has air and steam table
functions that allow the user to include the
thermpdynamic  properties with  the
equations. EES then iterates until all
cquations and properties are satisfied.

The system of equations with the
specified assumptions has 3 degrees of
freedom, allowing three parameters to be
chosen, Three logical design parameters
are Ps,Tsand V.. Pg,the pressure at the
entrance of the dryer and in the dryer, is
prescribed by the design of the dryer. Ty,
is the temperature to which the product
will be exposed. V; , the velocity of the
mixture exiting the nozzle, is determined
by the design of the nozzle.

4. Results and discussion
4.1. Base case

For a base case, Py is taken as101.3
kpa and T is taken as 70°C. The value of
P; was chosen because of the fact that for
many applications it may be desirable to
have atmospheric pressure in the dryer,
Fhe velocity at the nozzle exit (V) is

prescribed by the design of the nozzle. An
illustrative  velocity  determined by
assuming an ideal gas at state 2:

ay, = \/k RT,.

For a pure ideal gas, setting ¥V,
equal to ay;, represents a Mach number of
unity. However, the flow at state 2 isa
mixture of condensate and moist air, which
means that the flow is not a pure ideal gas.
Therefore, the Mach number at state 2 may
not be unity, but setting V; equal to az,
provides an illustrative veloeity for the
base case. This veloeity is varied
parametrically in the next section.

The results for this base case are
shown in Table 1 for various values of

M noz 7 diff A1 comp,»  The isentropic

efficiencies are varied between unity and
typical values for each particular
component.  Specifically, the nozzle
effieiency is varied from 1.0 to 0.9, while
the diffuser efficiency and the compressor
efficiency are varied from 1.0 to 0.8 and
1.0 to 0.6, respectively [8].

The first row of Table 1 shows the
results for the ideal cycles, i.e. all
isentropic efficiencies equal to unity, and
the Table 1.1 show the results of
temperature, pressure and  specific
humidity for different points of cycle at all
isentropie efficiencies equal to unity . The
Table 1 shows that the cycle’s ideal energy
requirement is 186 kJ/kgewnd  For
comparison, the energy requirements for
an open cycle heated dryer are shown in
Table 2 for various ambient temperatures
and relative humidities. However, the
energy input to the NCDC is from a
compressor, which is electrically powercu.
The 186 kJ/kgeond does not take into
account the efficiency of the power plant
that produces the electricity. The energy
source for the heated dryer can be a
directly first heated source, which has
small energy losses. Comparing the
average annual cost of electricity to the
cost of natural gas, as reported by the
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department of Energy’s Information
Administration, shows that the cost of
electricity is approximately five times
greater than the cost of natural gas for
commercial customers [9]

The remaining rows of Table !
show the effect of isentropic efficiencies
on the cycle. These results show that the
performance of the NCDC departs greatly
from the ideal as isentropic efficiencies are
decrcased from unity. The nozzle and
diffuser cfficiencies have the greatest
effect on the performance, while the
compressor efficiency has a relatively
small effect on the cycle. The case for
which

M wz=095.7 4o=09and 7y ,,.=08 may

be a good approximation of the
performance of an actual cycle. For this
case, the work required is 993K}/ Kgeond.
Note that the values in Table 2 are not
taken into account any burner efficiencies
or energy losses. Therefore, comparing the
non-ideal NCDC to the ideal open cycle
heated dryer is a conservative comparison.

- Another comparison of interest is to
compare the NCDC with a heat pump
dchumidification cycle. Table 3 shows the
amount of work and heat transfer required
by a hcat pump cycle to remove the same
amount of condensate as the NCDC’s base
case. The condenser and evaporator heat
exchanger performance was simply

modeled using the nearest temperature
approach for the two fluids, or pinch point.
A comparison of Table 1 with Table 3
shows that the ideal heat pump cycle,

7 comp=1.0 and AT,

imen =0°C requires
almost three times the energy requirement
and more than 20 times the total heat
transfer requirement than the ideal NCDC,
Since both these cycles would be
clectrically powered, a direct comparison

of energy requirement is correct.

The latter part of table 3 shows the
effect of non-ideal compressor and non-
ideal heat exchangers (i.e. finite A7s at
pinch points). The last two rows of the
table give a good idea as to the
requirements for actual cycles. The encrgy
requircments for these two cases are of the
same order as the NCDC’s requirement
with
N poe=095,1 4,=09 and .= 0.8.

However, these values are not taken into
account the work required to overcome the
air side pressure drop through the heat
exchangers. Therefore, this comparison is
also a  conservative  comparison.
Additionally, the heat transfer requirement
for the heat pump cycle is more than six
times  greater than the NCDC’s
requirement.

Table 1
Results of the analysis of the NCDC at the base case

(Ps =101.3kPa, V3 =ayg=334m/5) for various isentropic efficiencies

7 oz n aqr n comp b heat _mu—,.u (kiﬂ_‘"i J D heat
Y % % (kJ/kgair) m,, \ kg, (kRJ/kgcond)

100.00 100.00 100.00 4.01020 0.01510 186.321

| 95.00 | 100.00 100.00 7.49860 0.01500 | 422,008 |
90.00 100.00 100.00 11.40000 0.01480 | 687.235
100.00 90.00 100.00 9.81200 0.01510 565.000
100.00 80.00 100.00 15.51000 0.01510 945.600
100.00 100.00 80.00 4.71130 0.01510 232.470

| 100.00 |~ 100.00 60.00 6.90210 0.01510 308.103 |
95.00 90.00 80.00 16.10000 0.01500 993.000 |

| 90.00 80.00 60.00 35.60000 0.01480 2,315.000
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Table 1-1
Point Temperature Pressure Specific humidity
K kPa kg/kganr
1 306.5 101.3 0.03378
2 277 41.32 0.03378
3 328.5 69.5 0.0189
4 328.5 69.5 0.0189
5 3086 69.5 0.0188
6 343 101.3 0.0189
Table 2

Energy required for an open cycle heated dryer to heat air to 70°C and the amount
of condensate removed for various ambient temperatures and relative humidities

dry bulb Relative humidi .
te mrgerature for ambient airty 9 heat mﬁ [kgﬁ] 9 heat
for ambient air (%) (kJ/kgair) My \ kg, (kJ/kgcond)
°C
10 3000 | 60.60000 0.017821 3,400.482576
10 40.00 60.70000 0.017658 3,437.535394
10 50.00 60.70000 0.017493 3,469.959412
10 60.00 60.90000 0.017426 3,494.777918
L 10 70.00 61.00000 0.017257 3,634.797473
15 30.00 55.70000 0.017631 3,159.208212
15 40.00 55.80000 0.017467 3,194.595522
15 50.00 56.90000 0.017200 3,250.000000
15 60.00 56.00000 0.017029 3,288.507839
" 15 70.00 56.10000 0.016754 3,348.454100
T 20 T 30.00 50.70000 0.017445 2,906.276870
20 40.00 50.80000 0.017080 2,974.238875
26 50.00 51.00000 0.016808 3,034.269395
720 60.00 51.10000 0.0168530 3,091.348062
e 70.00 51.40000 0.016200 3,172.839506
30 30.00 40.80000 0.016650 2,450.450450
o | 40.00 40.90000 0.016200 2,524.691358
30 | Ts0.00 41.40000 0.015700 2,636.942675
- 60.00 41.50000 0.015300 2,712.418300
30 70.00 41.70000 0.014800 2,817.567567
'35 30.00 35.90000 0.016200 2,216.040382
35 40.00 36.20000 0.015600 2,320.512820
35 50.00 36.20000 0.015000 2,413.333333
35 60.00 36.60000 0.014500 2,524 137931
3B 70.00 37.00000 0.013900 2,661.870503
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Work and heat transfer requirements for a heat pump dehumidifier cycle, using R22,
to remove the same amount of condensate as the drying cycle’s base case

Fig.2 and 3 summarizes the specific
work required per unit mass of condensate
and the costs of operating the cycles,
including the cost of open heated dryer
cycle heated wit electric resistance h and
fuel. Using the assumption that the
electrical energy cost for the NCDC is five
times that of the gas fuel for the heated
dryer, the cost of the energy for the NCDC
is of the same order as the energy costs for
a heated dryer. Therefore, ideally, the cost
of using the NCDC is approximately a
third of the cost of the idea! open cycle
heated dryer.

4.2. Effect of dryer inlet
temperature

Figs. 4 show the effect of dryer
inlet temperature (75 } on the specific work
required per unit mass of condensale
(Weona)for NCDC cyclee. This figure shows
that Weona decreases with increasing
temperature. Fig. 5 and 6 shows that the
specific work required per unit mass of
condensate (wg,) and the mass flow rate of
the condensate increase with increasing
temperature. Since both w,, and
condensate flow rate increase, a trade-off
occurs. Increasing the temperature requires
more work (w,,) , bul more water is
rejected. As shown in Eq. (12), wean is
directly proportional to w,; and inversely
proportional to the flow rate of condensate.

| Mam | ATwaCO) | LA
kg coavd kg ar k 4 air
—_ L
1.0 0.0 531 453 528
1.0 25 610 453 53.9
1.0 5.0 693 453 550
10 7.5 781 il 453 564 |
08 0.0 631 453 1 543
0.8 25 724 453 556
08 5.0 820 1 453 569
03 | 7.5 922 | 45.3 584
Therefore, the decrease of w.,g Wwith

increasing temperature indicates that the
condensate flow rate increase faster than
War . however, at highcr temperatures,
Weona decreases slowly, while w,,, and the
condensate flow rate increase rapidly. This
trend shows that the rates at which w,,, and
condensate flow increase must be
approximately equal at higher
temperatures. The discontinuities in the
curves at approximately 50°C occur asa
result of the condensate freezing in the
nozzle.

4.3. Effect of drying process
pressure

The effect of the drying process
pressure (Pg) variations on Wogpg, Wair and
condensate flow rate are shown. Fig. 7
shows that wc.ns increase almost linearly
with increasing pressure. Fig 7 shows that
the condensate flow rate decreases linearly
with increasing pressure, while w,, is
relatively eonstant (decreasing slightly).
Again a trade-off occurs between w, ,, and
the condensate flow rate. Increasing the
pressure requires less work, however, less
condensate forms. The increase in w,gnq in
Fig. 6 indicates that the condcnsate flow
rate decreases faster (with increasing
pressure) than wy;,.
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4.4. Effect of the nozzle exit
velocity

Figs. 10 to 12 give the effect of
variations of the nozzle exit velocity (V2)
ON Weond, Wair and the condensate flow rate.
The figures show that Weond, Wair and the
condensate flow rate increase with
increasing velocity. Increasing the velocity
requircs more work (W), but more
condensate is rejected. Since Wgong
increases with increasing velocity, wy
must increase faster than the condensate
flow rate. to this assumption, the cycle was
analyzed, assuming that some percentage
of the condensate re-evaporates in the
diffuser. The relatively small percentages
of re-evaporation, the increase in the work
rcquired is also relatively small.
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Fig. (3) comparison of operating costs of the
NCDC, open heated dryer and heat
pump debumidification cycle.
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5. Conclusions

The following conclusions can be

drawn:

The cycle can operate without any
external heat addition. The energy
used to provide the heat of
vaporization to water for the purpose
of removing the water from a wet
product can be recovered by the use
of a nozzle and diffuser.

2. The ideal cycle has much lower

energy requirements and operating
costs than other ideal cycles. ldeally,
the cost of using the NCDC is
approximately a third of the cost of
the ideal open cycle heated dryer.
Compared with a closed heat prmp
dehumidification cycle. In addition,
the NCDC cycle can be operated at
varying conditions, allowing for a
single design to be utilized for
various applications.

A final potential application for this
technology is for processes that
require the removal of hazardous
liquids from a product. With an open
cycle, the hazardous vapor would
have to be removed from the air by
the use of scrubbers, etc., using
more energy. Since the NCDCisa
closed cycle, the liquid can be
removed from the product without
releasing it to the environment. The
liquid is evaporated in the dryer,
condensed in the nozzle, and then
removed, safely, in the separator.

References

Io

R.E. Bahu, “Energy considerations in
dryer  design. Drying.” Elsevier
Science, Amsterdam, 1991, pp. 553-
567.

C.S. Monraitis, C.B. Akritidis,
“Energy saving in industrial drying
plants by partial recovery of the latent
heat of the exhaust air” Drying
Technology 15 (1997) 1931-1940.

S.B. Kwon, K. Matsuo, S. Kawagoe,
S. Matsuo, “Total pressure loss in
supersonic  nozzle flows with

10.

M. 13

condensation” JSME International
Journal 31 (1988) 16-21.

MJ. Moran, HN. Shapiro,
“Fundamentals of Engineering
Thermodynamics.” 2nd ed., Wiley,
New Y.k, 1992,

P.P. “Wegener, “Cryogenic transonic
wind tunnels and the condensation of
nitrogen,” Experiments in Fluids 11
(1991) 333-338.

H.L. Boerrigter, “Calibration of the H3
wind ‘unnel wusing pitot probes.”
http://www. vki.ac.be/, 1997.

P.G. Talavera, “Selecting gas/liquid
separators,” Hydrocarbon Processing
69 (1990) 81-84.

P. Hill, C. Petcrson, “Mechanics and
Thermodynamics of Propulsion.” 2nd
ed., Addison-Wesley, Reading, MA,
1992,

Energy Information Agency, Table
9.9 and Table 102,
http://www.eia.doe.gov, 1997.

F-Chart Software, 4406 Fox Bluff
Rd., Middleton, WI 53562.

P. Jolly, X. Jia, S. Clements, “Heat Pump
Assisted Continuous Drying” International

Journal

of Energy, Vol. 14, 757-770

(1990).



	Theoretical Analysis of a Nozzle Condensation-Drying Cycle.
	Recommended Citation

	tmp.1671720843.pdf.cObYJ

