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ABSTRACT:

When compared to the traditional drying process, the low-temperature heat pump drying technology has gained
popularity since it improves product quality in postharvest settings. Moist air passing through evaporator coils is
cooled and dehumidified, which primarily affects the heat pump dryer's efficiency. However, there aren't any
relationships between mass and heat transport to help solve the issues. This work presents initial efforts to bridge
the gaps in the heat and mass transfer problem. Basic equations for mass and energy are used to create a
mathematical model. The Taylor series approach was utilized to solve the model's numerical solutions. The study's
findings include the steady-state dehumidification of damp air using simple tube coils.

INTRODUCTION

Compared to traditional dryers, heat pump dryers may be able to run more effectively and at lower temperatures.
The utilization of heat pumps in drying processes has garnered ongoing interest due to its dual advantages.
Moisture moves from the product's inside to its surface as a result of the vapour pressure or moisture concentration
gradient that is formed when hot air, either naturally occurring or manufactured, is applied to the product. The
product's quality eventually deteriorates due to physical and chemical changes brought on by too high drying
temperatures [1]. Certain materials, like medicinal and aromatic plants, are sensitive to heat and should be dried
carefully to preserve the product's intended medicinal and aromatic characteristics..

MODELING OF THE COOLING AND DEHUMIDIFICATION
Objectives

313Fig. 1 shows the mechanism of heat and mass transfer when moist air moves through cold water outside of a
tube. On top of the cold-water surface, a thin layer of saturated (or near saturated) moist air is formed. As the
water is colder, the layer has saturated vapor pressure lower than vapor pressure of the air. The difference between
these pressures causes water to be condensed onto the colder water surface.

In order to establish a model, the following assumptions have been made as follows:

- Thermal properties of most air are constant

- Steady state

- The model is one-dimensional (refrigerant boils at the given temperature, i.e. t=const)
- Thermal resistance of condensate water is negligible.

- Heat infiltration from the environment is ignored.

The main purpose of the model is to investigate the change of thermodynamics properties of the air (e.g.
temperature, humidity, etc), while varying the external conditions along the coil and to subsequently determine
the air’s outer parameters values.

Heat and mass transfer equations
Considering air flow exchanges energy to a cold water surface (i.e. Fig. 1). On top of the cold water surface, a
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thin layer of saturated (or near saturated) moist air is formed. Since the water is colder, the layer being saturated
vapor pressure is lower than that of the air. The difference of the two partial pressure causes water to be condensed
on the tube's surface [7-10].
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Hent exchanger syuwface

dx
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Figure 1. Heat and mass transfer mechanism of moist air outside the tube.

The air is cooled by 2 ways. One is by convective heat transfer caused by the temperature differences between
the air and the water surface, and another one is due to latent heat by water condensation.

Mass transfer equation

The equation of mass transfer can be written in term of partial pressure:

dG, = - —W,)dF (1.1)
To address to the x-coordinate, we introduce function ff(x):
fix) = £2 (1.2)

Ignoring the thermal resistance of the condensate film, the temperature of the coil’s outer surface is assumed
being equal to the condensate layer surface temperature. The relationship can be shown by the Antoine
expression:
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4026.4
P, = exp §12 —t—_|_—235750 (1.3)

ww

Absolute humidity ratio air flow is calculated by the formula (humber 0.95 means that the layer is only in 95%
saturated condition)

0.95P,

W = 0.621 5 —495p,

(1.4)

Combine equations (2.2) and (2.4) to (2.1), with W = G,/G4 the mass transfer equation is read:

g = —f @ — 0621 095 A% g (x)(L5)
dx Gd Pa—0.95eprZ—Z?wzf'2435‘5

Heat transfer equation
Heat transfer is caused by the change of the air flow enthalpy:

ddd = G4dh 2.1
From the left side of the equation (2.6):

ddd = —a;(t — t,w)dF +rdG, (2.2)

The first term of the equation (2.7) is sensible heat transferred by convection and the second one is latent heat
of condensation process.

The right side of equation can be written by the specific enthalpy dh:

da dG

v v GU
Gqdh = G4 §Cpadt + 1 G_d + Cput G_d + Cpqdt G—do (2.3)

Substituting equations (2.7) and (2.8) into equation (2.6), with dF = ff(x)dx and then simplifying to get the
following equation:
dt —a(t—t )ff-C .dGy
= P dx (2.4)
dx GaCpq + G,Cpy

Heat balance
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In the model the equations are derived by balancing heat transferred from the air to the coil outer surface and
from there to refrigerant boiling inside of the coil:

ke, (tww — t)dF = ay(t = ty)dF —rdG,  (3.1)

We change equation (2.10) to the algebraic form as:

@ +k 0.95 exp12-—10204— k
a
1 a - +—t(3.2)
ot B0.621-
tyw+235.5
&P Function wp
t —0.95exph12——1026:4

§tw+235.5G4
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Figure 2. Configuration of the coil and air direction

In the case plain tube coil the function ff(x) can be written as:

1

( 2Rnl
f(x) = { QR —O(Zk—l)R+(k—1)s—x6 @)
V(2(k—1DR+ (k—1)s<x <2kR+ (k—1)s)
I 0 V(2kR + (k —1)s) < x < 2kR + ks)

Boundary condition

The boundary condition is the air temperature and absolute humidity before entering the coil: G,(x = 0) and
t(x=0).

Numerical solution

The differential equations were solved numerically by the Taylor series method with the 1% degree of accuracy
and simulated by the Matlab software:

G(x +h) =G (x)+Ax % (6.1)
v o v o dx
toc +h) =t(x ) +ax " (6.2)
o o dx
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A flow chart of the basic calculation procedure in the model of the heat and mass transfer with moist air as

working fluid is presented in Fig. 3.

Input data: o. 3. boundary
condition t(x—0). G,(x—0)
.coil geometrical date,
step size h

Find tw using
equation (3.2)

1

Find dGn/dx
using equation
1.5>

4

Find dt/dx using
equation (2.4)

FALSE

Gr(x+h)= Gy (x)+ dGn/dx
t(x+h)=t (x)+ dt/dx

Figure 3. Flowchart of the simulation program
RESULTS AND DISSCUSIONS

Inputs of the model

The inputs parameters given in Table 1 and 2 have been kept constant. The model has been investigated for two
example cases. The variation of several quantities along the flow length with different inputs has been studied.

Table 1. Input of the model for the 1% case.

No. Parameter Unit Value
1 Air inlet temperature °C 32
2 Air inlet relative humidity % 50
3 Air inlet mass flow rate kg/s 0.05
4 Tube’s outer diameter cm 1
5 Length of tube each row m 0.5
6 Number of tubes each row - 6
7 Number of rows - 6
8 Distance between two row cm 3
9 Refrigerant boiling temperature °C 3
10 Air-side heat transfer coefficient W/m?K 60
11 Mass transfer coefficient kg/m?s 0.086
12 Overall heat transfer coefficient of tube and refrigerant W/m?K 1000
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Figure 4. Variation of absolute humidity and temperature of moist air along the coil for the 1% case.

Fig. 4 and 5 present the change of the parameters: air temperature and absolute humidity when air goes through
the evaporator coil with different input data. Generally speaking, both cases have a similar trend. At the same
time, the temperature and humidity behaviors (i.e. t(x) and WW(x)) from each case are both similar and
equivalent to another one.

Table 2. Input of the model for the 2™ case.

No. Parameter Unit Value
1 Air inlet temperature °C 25
2 Air inlet relative humidity % 60
3 Air inlet mass flow rate ka/s 1
4 Tube’s outer diameter cm 1
5 Length of tube each row m 1
6 Number of tubes each row - 16
7 Number of rows - 20
8 Distance between two row cm 2
9 Refrigerant boiling temperature °C 2

10 Air-side heat transfer coefficient W/m?K 60

11 Mass transfer coefficient kg/m?s 0.086

12 Overall heat transfer coefficient of tube and refrigerant W/m?K 1000

As the air moves through the coil, both temperature and specific humidity line reduce upwards to x. The decrease
is non-continuous. Temperature and humidity of the air flow decrease only while staying in contact with the
coil’s outer surface (i.e. ff(x) # 0). In the empty region between two rows (ff(x) = 0), these parameters
remain constant. In the regions in which the heat and mass transfer occurs under the effect of function ff(x), the
temperature and humidity graph’s slope gradually decline from 90° to minimum at the center of the tube center,
before increasing again to 90° at the end of the tube. However, the slope does not increase again after the tube’s
center, once the heat and mass transfer became less effective due to the flow mechanics. The obtained result is

due to the assumption heat and mass transfer coefficient being constant with coordinate of x.
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Figure 5. Variation of absolute humidity and temperature of moist air along the coil for the 2" case.

Furthermore, both t(x) and WW(x) curves (when decrease) are steeper in area nearer to the base point than
posterior area (for instance, in the 1% case, the temperature drops in the 1%t row is 5 °C, while in the last row is
1.6 °C). This can be explained as the further the air flows inside the coil, the colder and the drier the air achieved,
which cause temperature and humidity differences between the air and the coil’s surface to be decreased as well.
Since both these two differences are two main factors behinds heat and mass transferprocess, their decrease cause
heat/mass transfer to be less effective than before. This effect cause both the t(x) and WW(x) have the forms
relatively similar to the exponential function curve, which is commonly found in the open literature.

CONCLUSIONS

show the temperature and absolute humidity
behaviors changing with different factors when it
is cooled and dried through the coils of the

The heat and mass transfer in the evaporator
(dehumidifier) has been studied in this work for

a better understanding of the phenomena in the
heat pump dryers. Based on the fundamental
equations of heat and mass balances, a
mathematical model was established. The model
has the advantage of being simple and compact,
and thus, requires a short simulation time. Some
different cases have been investigated as
changing the input data for the model. The results
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NOMENCLATURE

Mass flow rate (kg/s)

Absolute humidity (kg/kg)

Mass transfer coefficient (kg/m?2s)
Coil’s outer surface area (m?)
Temperature (°C)

Relative humidity (%)

Specific enthalpy (J/kg)

=6 " T® SO
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Specific heat (J/kg-K)

Latent heat (J/kg)

Heat transfer coefficient of air (W/m?K)

Overall heat transfer coefficient of refrigerant and tube (W/m?K)
Calculation step size (mm)

Tube outer radius (m)
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n  Number of tubes each row

[l Tube’s length each row (m)

s Distance between 2 rows (m)

N Number of rows
Subscripts

- Moist air flow

S Saturated moist air layer

v Water vapor

d Dry air

w Coil’s surface

r Refrigerant
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