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ABSTRACT

Drying is a common process in a nuraber of industries. In practice, much of the
commercial drying plant is not energy cfficient for various reasens, one of which is that
commercially available dryers are not generally equipped with heat recovery facilities, With
heat pumps, however, it is possible to recover both sensible and latent keat and to use
to best advantage the high grade epergy input to the heat pump compressor.

Because of the inherent sysiem complexity, it is important Lo formulate accurate
simulation models of the heat pump and of the drying process and to combine them
into a single-system model for dryer performance evaluation,

In this paper, a bricf coverage is given of the development of the heat pump
mode! for combining with a fixed-bed drying mode!l to form a range of heat pump'
dryer configurations which may be used to study the heat pump dryer coufigurations of
interest. Modelling approaches, cquations and computational procednres for gystem com-
ponent models are also described.
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INTRODUCTION

In the usual approach to modelling heat pumps or other complex thermal systems,
attempts are made (o characterize the numerous processes occurring within the system by
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means of algebraic equations or possible ordinary differential equations. Even within this
framework, a broad range of models is possible, depending on the generality and ac-
curacy required. The size and complexity of the model are influenced by the level of
detail with which each component is modelled, the degree of empiricism employed, and
the simplifying assumptions used.

In this study, heat pump compouent models will be developed by making use of the
specific characteristics of the heat pump components. Empirical equations will be zmployed
to describe heat andfor mass transfer on the refrigerant and air sides, Single-phase and
two-phase pressure drop correlations wiil be used to take account of pressure drops oc-
curring in the heat pump components. Properiies of moist air and refrigerant will also be
modelled, The benefit from such a detailed modelling technique is expected to be in a
highly accurate heat pump model to serve the heat pump drying study.

HEAT PUMP MODEL

Figure 1 shows a pressure-enthalpy diagram representing a single-stage vapour compres-
sion heat pump cycle. The cycle deviates from the theoretical cycle in several
respects.Pressure drops in compressor suction and discharge valves are assumed, Heat gains
in the compressor suction line and heat losses in the compressor discharge line and the
condenser liquid line are also assumed, Pressure drops in the evaporator, condenser and
piping are taken into account, The compressiom process is assumed to be polytropic,

F
Nomenclature:
3 = evaporator exit
3-4 = suction line heating.
c d-a = suction valve pressure d4drop
W d 9 J&S a-b = cylinder heating of vapour
/j/’ k~c = polytropic compression
' i c~5 = discharge valve pressure drop
5 . . 5-6 = discharge line heat loss
‘ a2 h 6—d = condensing process
/ d-1 = liguid line heat loss
h

Figure 1: Pressure-enthalpy diagram of a practical heat

The heat pump to be modelled in this stydy is based ou this cycle. The model will
reguire the specifications of evaporator superheat, evaporator and condenser inlet air con-
ditions, and dimensions of components and interconnecting pipes. Without delving into
details of the simulation procedure of the model, the calculational scheme will be briefly
outlined. With reference to Figure 1, simulation starts with an initial estimate of ¥z and
the specified degrecs of superheat to fix state (3). State (4) is then fixed by calculaling heat
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gain by the suction line assuming negligible pressure drop in the line. By estimating the pres-
sure drop across the compressor suction valve and cylinder heating effect, state (b} is es-
tablished. The compressor modc! is then used to predict P4 and the compressor work input
which give he, hence -state (¢) is fixed. State (3) fixed by assurming the pressure drop and isen-
thapic process across the discharge valve, State (6) is then established from the discharge line
model. With the knowledge of inlet air condition to the condenser and refrigerant state
(6), the condenser model is used to calculate state {d) and air condition at the con-
denser exit, State{d) is then used in the liquid line model to calculate state (1). Qnce
state (1} is known, the high-pressure side is established,

The next task is the low-pressure side analysis. From the knowledge of refrigerant
state (3) and by assuming evaporator inlet air condition, the evaporator model is used in
a backward computational scheme to calculate refrigerant state (2). The enthalpy at this
state, hy, is compared with the cnthalpy at the inlet of the thermostatic expansion valve,
hy. If they do not agree within a specified limil, the evaporator inlet air temperature is
varied until the agreement is achieved. When b and hy agree within a specified tolerance, a
system solution has been completed for some evaporator inlef air temperature.This inlet
air temperature is then compared with the actval value. If they do not agree within a
given limit, the refrigerant pressure at state (3} is changed to a new value, and the
whole calculational procedure is repeated until the calculated avaporator inlet air tempera-
ture agrees with the actual value,

CONDENSER MODEL

The condenser model is simpler to model than the evaporator because of the ab-
sence of dehumidification of waier vapour on the condenser coil. The finned-tube con-
denser surface is divided into desuperheating, two-phase and subcooling zones as shown in
Figure 2, These zones of the condenser must be modelled separately. By determining the
fractions of the three zomnes, the heat transfer raie from cach section may be com-
puted,and so may the condition of air at the exit of each section. Without going into
thedetails of the modelling procedure, the governing equations for the condenser are
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Figure 2 Condenser schematic
Crasnlteirts) = 1 - exp{N"Zexp(-CN*)-1)1C}) (1
Cruin (teei-taci)
Nsh = UdshAdsh/Cmin = UdshldshAc/Crmin (2)

tatpi = tac + Crltri-trs)/Ca (3)



tatpo =  tapi + mrhfy/Ca {4)
fip = Ca/UpA ln_(trs—latgi) (5)
(trs-tarpo)
fis = 1 - (fip+fasn) , for fip + fasn < 1 {6)
fsc = 0, for fip + fasn > 1 . ()
fig' = odf oful (8)
Nse = UseAs/Cmin = UsclseAe/Crin @)
Ee = 1 - exp{N"Pexp(-CN*™®)-1)/C} (10)
trco = trs - EscCrmin(trs-tatpo)/Crse (11)
tico’ = ta + Gd/Ca (12)
gc = Crdsh(lreits) + Caltatpo-tatpi) + Crselirstreo) (13)
u = 1 (14)
Ag 4+ __ (1) + 1

Arib; ho{Ato/Ar+¢) bo

Eq.(1} is obtained using the definition of heat exchanger effectivencss and the effec-
tiveness-NTU relationship, as given in Kreider and Kreith [{], for a cross-fiow heat ex-
changer with both fluids upmixed, The equation is iteratively solved for the number of
transfer units for the desuperheating section, Ngsw, which is, in turn, used to solve for the
desuperheating fraction, f4sh, in Eq.(2), The air temperature at the two-phase section inlet,
tapi, is then calculated from Eq, (3). The knowledge of tapi is used in Eq. (4) to compute
the air temperature at the (wo-phase section outlet, tawpo, which is used Lo establish the
two-phase fraction, fip, according to Eq.(5). The subcooling fraction, fe, may now be calcu-
lated from either Eq.(6) or Eq.(7). if Eq.(7} is used, fip, must be calculated from Eq.(8),
and tatpo from Eq.(5). Eq.(9) is used to establish the number of transfer units for the
subcooling section, Ng, which enables the calculation of the heat exchanger effectiveness,
£se, from Eq.(10), and the refrigerant temperature at the condenser outlet, tyo, from
Eq.(11). The establishment of tro and the corresponding refrigecant pressure is important for the
continuation of calculation in the thermostatic expansion valve model to be later described. What
are of important interest are the temperature aod relative humidity of the air leaving the
condenser since the knowledge of these two paramciers is required in the fixed-bed
drying model. The air temperature leaving the condenser, laco, may be calculated from
Eq.{12) whereas the air relative humidity at the coadenser exit will assume the value of
the relative bumidity at the coudenser inlet since there is no dehumidification of water
vapour on the condenser coil. The heating capacity of the heat pump is expressed as
the sum of heat transfer in each section of the condenser as in Eq.(13). Eq.(14)
describes the general relationship from which the overall heat transfer eoefficient for a
dry beat exchanger may be caleulated.



EVAPORATOR MODEL

An evaporator is used Lo extract both sensible and latent heat of wir, heoce the air
is cooled. It is common that dehumidification of air also occurs in this process. With
dehumidification, the air-side surface is wetted with liquid water or frost. It, therefore, fol-

lows that the method generally used in the analysis of dry air-side surface does not sui-
fice.

The main task of the evaporator model in this study is the prediction of the air
condition at the evaporator outlet and the refrigerant state at the inlet of the
evaporator. The evaporator model may therefore be considered to be working in a back-
ward scheme to predict the refrigerant state at the inlet rather than the outlet,
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Figure 3 Evaporator schematic

As in the case of the condenser modet, the two-phase and superheating fractions of the
evaporator must be modelled so that the heat andfor mass transfer in cach section may
be analyzed, It will be assumed that dehumidification may occur only oo the two-phuase
surface. In reality the two-phase surface may be entirely dry, partially wet or tolallywet,
depending on the condition of the incoming air. For this reason, the two-phase surface

section is further divided into wet and dry two-phase surfaces as indicated ir Figure
3.

Since most evaporators generally operate with some wet section, the modelling ap-
proach for the entirely dry evaporator will not be discussed in this paper. However, two
eqguations derived for the dry evaporator will be pressented for later use. If the
evaporator is entirely dry, the heat transfer rate for the two-phase section is given by

Gip = mr(hmv-hnpj) (15)

and the air temperature at the two-phase section outlet by
tape = laeg + qp/Ca (16)
The value of tapo as given by Eq.(16) will be used to compare with the air tempera-
ture at the locatios where dehumidification just begins to defermine whether the

gvaporator operates with some wet surface.

For the evaporaicr operaling with some wet surface, the following equations form
the model.
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Ciltshots) = 1 - exp{N"Z{exp(-CN*™)-1)/C) 17
Cmin(tatpo-taci)
fsh = NenCmin/UeAe (18)
fip = 1 -fy (19)
tad = .Id - (1-UesAe/hiAgi s (20)

1 - (1-UeAg/hiAs)

fdtp = Ca In (taei"trs) (21)

——

UeAe  (tad-trs)

fwrp = 1 - fsh c fdtp (2'2)
hawtpo =; hasr + (had'hasr)exp(‘UwapAc/ma) (23)
had = taa + Wei(2501+1.085tq) (24)
hag = taei + Wei(2501 + 1.085t0ei) (25)
ﬂ = Le(ha'hag“m]) + 1 (26)
dha W-wam hg-2501LE
Weo = Wei - (had-hatpo)(dW/dha)wtpi (27
tatpo = (hatEo'ZSOIWeo) (28)
1+1.035W;:0 .
Ue - 7 1 (29)
Ae  + (1) + 1
Aghy ho({Ato/Af +Pw) ho
Uy = i (30}

brAy + bom(1-0) +  bwm
hiAti hw(Ato/Af +¢7w) bo

by = hasi-hasy (31)
te-Lrs

b = 0.0026(tas +10)19%463 4 148609 (32)

has = a + blas (33)

b = 1 (34)

LS L S
Dasshow ko
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hag;‘m = ham - Cpahv,qu (l'brL‘wAC)(ham‘hﬂﬁ) (35)
bwmbhow hiAij
ham = haps + Aham (3(‘)
Aham T ey hwpi-Bwipo a7
In (h\mEi'hasr)
(hw‘tpo'hasr)
tas = -5.7986 + 0.656758has - 4.502857x10 0%
+ 1.53577x10 05 0 < tas < 50°C (38)
tt = s + UwAeg_la;r_ll:Egir)‘ (39)
hiA
Qe = qQup t+ Osh
= Mae(haei-hatpo) + Cr(DSH) (40)
faeo = tatpo - Cr(DSH)/Ca (41)
hyei = hysh - Qe/m: (42)

Eq(17) is similar to Eq.(l1) and is used f{o solve for the number of transfer
units, Ngh, for the superheating section of the evaporator. Note that (tsno-tss) i5 the lovel
of superheat which must be specified as an imput to the model. In order to solve for
Ngp, the air temperature at the exit of the two-phase section, tape, must be assumed. This
value of tape will be checked with that calculated elsewherc in the model. Upon establishing
Nsh, the superbeating and two-phase fractions are determined from Eq.(18) and Eq.(19),
respectively, At this point, it is necessary to determine whether any part of the
evaporator is wet. This may be accomplished by using Eq.(20) to calculate the air
temperature at the location where dehumidification just begins, tag, which 1s used to com-
pare with tappo calcutated from Eq.(16), 11 tapo is less than tag, the two-phasc section is
parlially wet or entriely wet. It can be further established whether the surface 1s entirely
wel by comparing iaza with the air temperature at the evaporator inlet, taci. If tae 15 less than
tag, the whole surface is wet, otherwise partially wet. It is probally werth mentioning that
the modelling approach {or the dry evaporator is discussed by Theerakulpisut [2].

If the evaporator surface is determined to be partially wet, the dry two~phase frac-
tion, farp, 12y be computed from Eq.(21) and the wet two-phase fraction, fwp, from
Fq.(22). The air enthalpy at the ontlet of the two-phase section, hawipo, may now be es-
teblished {rom Eq.(23), Note that the cathalpy of air at the lecation where dehumidifica-
tion just begins (inlet of wel two-phase section), had is given by Eq.(24) if the evaporator
is partially weot or by Eq.(25) if it is eutirely wet. Eq.(28), given by Threlkeld [3] | is
usedto calculate the change in humidity ratio with respect to the change in enthalpy
when the air moves across the wet surface, The alr humidity ratio at the evaporator out-
let, Weo, is thien computed from Eq.(27) and tapo from Eq.(28). The value of tupo is
theseoinpared witk the assumed value used in Eq.(17). if they do not agree within a specified
tolerance, the new value is usad in Eq.(17) to repeat the whole calenlational procedure
until the convergence critcrion is satisfied.
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Egs.(29)-(39) are for the calculations of some parameters required in Eq.{20),
Eq.(23) and Eq.(26). Note that the calculation of the overall heat transfer coefficient for
a wet evaporator surface, Uw, requires the knowledge of tube temperature, (f, and mean
water film temperature, tam. The values of these two parameters must be initially assumed
to emable the calculation of by, bwm and he fromEq.(31), £q.(32) and Eqs{34), respectively.
The calculation of bwm by evaluating b at the mean water film temperature is worthy of
further discussion. The parameter b is defined by Eq.(33) which, over a small temperature
range, linearly relates saturation enthalpy and saturation temperature of air. This equafion
was obtained by curve-fitting the average values of b over temperature intervals of 5°C
as a function of the air saturation temsperature corresponding to the mid-poini of cach is-
terval. After evaluating by, bam and hw, Uw is calculated, The new value of tt is then as-
tablished from Eq.(39) and compared with the assumed value, If they do not agree within
aspecified limit, the pew value is used to replace the old value in evaluating U uniil
agreement is achieved, The assumed value of twm can be checked by using Eq.(35) te
cvaluate hagom which is used in Eq.(38) to compute twm. The new twm is then compared
with the assumed value. ¥ they do not agree within a specified tolerance, the new value
is used to repeai the calculational process until agreement is achieved.

The cooling load of the evaporator may be calculated by Eq.(40). The air tempera-
ture at the outlet of the evaporator is given in Eq.{41) whercas the air humidity ratio
at this locaiion is taken as Weo, The refrigerant enthalpy at the iolet of the evaporator,
hre; may be established by Eq.(42). With the knowledge of hrei and the refrigerant pres-
sure, the refrigerant state at the evaporator imlet is fixed.

COMPRESSOR MODEL

Like most compressor models of refrigerating compressorsihe compressor model in
this study makes use of a perfect gas simulation utilizing a polytropic process in order
to iimit the required computer time by using a reasonally compact formulation of the
goverming equations,

Threlkeld {3] has derived the relationships for the volumeiric efficiency and the
theoretical work input per wunit mass of refrigerant of a reciprocating compres-
sor to be

N = [14+C-CFP) " (vaim) (43)
W = p Pyw[(P/Pp) N , (44)
n-1 '

From the basic definition of volumetric efficiency,

v = mva/PD- (45)
it follows that

m: = [1+C-C(Py/P)(PD/w) o (46)

By introducing the motor efficiency, #%ma:, and compressor efficiency, #mecn, the actual
power input required by the compressor may be written as
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Waet = e W/ (0 mot# mech )

~1
N

Eqs.(43)-(47) form the basis of the compressor model.

THERMOSTATIC EXPANSION MODEL

The principal task of the evaporator model is the prediction of ithe refrigerant
mass flow rale for a given nei pressure drop across the valve. For a given thermostatic
expansion valve, the best approach is to define the model using a curve-fitting technique
on the manufacturer’s data. The form of the equation used by most researchers follows
from the standard orifice equation which describes the mass flow rate as the sguare
rootl of pressure drop times a constant.

my = Cu(ATo-ATHOAPE) _ (48)

The flow coefficient, Cig, must be established from the manufacturer’s data. Note that
APy is P1-Pz and that P1 and Pz may be respectively expressed as functions of P and Fp by
taking into account the high side and low side pressure losses, By equating Eq.(46) and
Eq.(48), P may be established for any given value of B,

PRESSURE DROP AND CALCULATIONS

The analysis of pressure drops in the heat pump circuit involves the computation
of both single-phase and two-phase pressurc drops. Pressurce losses in fluid flow are at-
tributable to ihree basic phenomena, namely, acceleration, friction and gravity, Calculations
of these pressure losses are bascd on correlations by a number of rescarchers. Because
of the tedious and lengthy nature of the calculational procedures involved, the pressure
drop calculations will not be further discussed here. Interested readersare referred (o the
Ph.D.thesis by Theerakulmsut [2] for further details,

CTHER MINOR COMPONENT MODELS

Besides the compenent models just outlined, the heat pump model also requires
other minor models such as air mixing model, compressor suction line wodel, compressor
discharge line model and liquid line model, These minor components are simple to model
and will not be discussed here, It is however worth mentioning that the air mixing
model is assumed to be adiabatic. The suction line, discharge line and liguid linc models
take account of the heat gain by or loss from the lines,

Also, it should be noted that some of the parameters previously presented such as
convective heat transfer coefficients on the air side and refrigerant side, properties of air
and refrigerant, and efficicncy of dry and wet. fins, are necessarily left oul in this presen-
tation, Some of these paramcters require lengthy discussion and computational proceduse

due to complexity of the actual processes involved,
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MODEL VERIFICATION

A heat pump experimental rig was construcied for mode! verification, The experimen-
tal rig was installed with measuring equipmeent capable of continuous monitoring of im-
portant parameters. such as evaporator exit air temperature and humidity ratio, condenser
exit air temperature, heating capacity, compressor power input, coefficient of performance,
suction pressure, discharge pressure and refrigerant mass flow rate. Comparison between
simulation results and experimental data are presented in Figure 4 - Figure 12, From
these figures, it can be concluded that the simulation and experimental resulis match very
well,

DISCUSSIONS AND CONCLUSIONS

The heat pump model has briefly been outlined with necessary details to cover the
basic structures of component models, The model was simulated and verified by ex-
perimental resulis to be highly accurate. The simulation and experimental results indicate
that the heat pump model is highly accurate and suitable for use in a heat pump
drying study as intended.
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Nomenclature

The symbols used in this paper are listed below for reference.

A = area (m?)

b =  parameter defined by Eq. (33)

by = parameter defined by Eq. (31)

C = capacity rate (kW/K)

T = clearance facior {dimensionless)

Cp = specific heat of fluid (kJ/kg/K)

h =  ecnthalpy of fluid (ki/kg)

h = convective heat transfer coefficient (kW/mz,fK)
hf; =  wvaporization enthalpy of water (J/kg or ki/kg)
k =  thermal conductivity (KkW/m/K)

ie = lLewis number (dimensionless)

m mass flow rate (kg/s)

N =  number of transfer units {dimensionless)

Ny, =  Nusselt number (dimensioniess)

a =  compression index ({Dimensionless)

P =  pressure (kPa)

Ar =  pressure drop (kPa)

PD =  piston displacement (m3/s}

q =  heat tramsfer rate (kW)

T = temperature (C or X)



t = temperature (C or K)
U =  overall heat transfer coefficient (kW/'mz"K)
Uw = overall heat transfer cocllicient of wet surface
based on enthalpy difference (kg/mzis)
W = humidity ratio (kg water/kg dry uir)
W = theoretical work input per unit mass of refrigerant (ki’kg)
X = refrigerant quality (dimensionless)
Y = thickness of water film (m)
Greek symbols
E =  heat exchanger effectiveness (dimensionless)
7y = volumelric efficiency {in decimal form)
Nmor = motor efficiency (in decimal form)
Hmeeh =  compressor mechanical cfficiency (in decimal form) =  density (kg/m3)
Subscripts
a = air
C = condenser
d = dew point
e evaporator
dsh = desuperheating
£ = fin
1 = ulet, inside
0 = outlet, outside
T = refrigerant
s = saturation
sC = subcooled
sh =  superheafing
t = tube
tp =  two-phase

Note that these subscripts arte also used in combination. For example, tupi refers to
refrigerant temperature at the inlet of two-phase section.
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Figure 5 : Predicted VS Experimental
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Figure b : Predicted VS Experimental
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Figure 9 : Predicted VS Experimental
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Figure 12 : Predicted VS Experimental
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