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5
Multi-compressor multi-evaporator direct expansion refriger-
ation system

Hereafter, the lumped parameter model for the steady-state operation
of a typical supermarket direct expansion (DX) system is developed and

simulated.

5.1
Overview

The present model simulates a DX refrigeration system operating at
steady-state condition, taking into account the pressure drop and heat transfer
phenomena in all the components. Superheat at compressor inlet and subcool-
ing at condenser outlet are prescribed variables. Another characteristic of the
model developed is the ability to deal with multiple in-parallel evaporators
and compressors, as is usually the case of a typical commercial refrigeration
system. The component-based simulation model is composed of sub-models,
one for each component: compressor (cp), discharge line (dl), condenser (cd),
liquid line (Il), expansion device (zd), evaporator (ev) and suction line (sl).
To describe each of them, energy, momentum and mass balance equations are
applied, together with heat transfer laws.

Figure 5.1, which is an adaptation of a supermarket system schematics
from Rinne et al. [136], illustrates the multi-compressor multi-evaporator DX
system modeled. A more detailed description of the processes taking place in
each component can be found in Section 4.1.

The most relevant characteristic of the model resides in the detailed
multi-zone analysis of the heat exchangers. Each of the evaporators is divided
in two portions: two-phase and superheated, whilst the condenser accounts for
three regions: superheated, two-phase and subcooled. Previous experience of
the industry proved that this is a reasonable approach for performance trend
analysis, which is essentially the main objective of this study, though limited

when design and optimization are envisioned.
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Figure 5.1: Simplified version of a supermarket direct expansion system,
adapted from Rinne et al. [136].

5.2
Mathematical model

As a first hyphotesis for the model development, it is assumed that the
refrigerant mass flow rate is equally distributed through the number of similar
compressors considered. In that case, without loss of generality, is is sufficient
to mathematically describe one compression device, with Egs. (5.1) to (5.3)
providing the strategy to obtain refrigerant thermodynamic conditions at inlet

and outlet of the set of compressors.

m’/‘f - mrf,cp,ind s Nep (51)
Prf,1 = Prfepindin (52)
Lrf2 = Prf.epind,out (53)

where ¢ can refer to any intensive property of the refrigerant, and subscript
cp,ind is associated with an individual compressor.

The total compressor power input is, then, obtained from Eq. (5.4).
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ch = ch,md *Nep (5-4)

Analogously, the refrigerant mass flow rate is divided by the number of
evaporators present in the system, so that equal mass flow rates pass through
each heat exchanger. Similarly to the compressor, Egs.(5.5) to (5.7) describe
the refrigerant conditions at inlet and exit, with Eq. (5.8) expressing the total

cooling load.

My f = Mo fevind * New (5.5)
Prf,6 = Prfevindin (5.6)
Orf1 = Prfevindout (5.7)
Qev = Qev,ind * Nev (5.8)

With that in mind, each component of the multi-compressor multi-
evaporator DX refrigeration system is further described and modeled in the

following sections.

5.2.1
Condenser

In the present work, the tube-and-fin condenser modeling from the
Oak Ridge National Laboratory (ORNL) Heat Pump Design Model [89] was
updated in regard to properties calculation, heat transfer coefficient and
pressure drop correlations, as well as refrigerant charge assessment. Further,
the inclusion of different types of fins and tube internal surfaces was also carried
out, in order to obtain a more realistic model.

The ORNL Heat Pump Design Model is a Fortran-based computer
program developed to predict the steady-state performance of conventional,
vapor compression, electrically-driven, air-to-air heat pumps, operating in both
heating and cooling modes [89]. The version here considered as a starting point
evolved from models developed at the Oak Ridge National Laboratory [86,137]
and at the Massachussettes Institute of Technology (MIT) [85], employing
routines by Kartsounes and Erth [138], Flower [139], and Kusuda [140].

According to Fischer and Rice [89], the ORNL Heat Pump Design Model
assumes a condenser consisting of equivalent parallel refrigerant circuits with
unmixed flow on both the air and refrigerant sides, with calculations separated
for the superheated, two-phase and subcooled zones of the heat exchanger.

The air-side and refrigerant-side mass flow rates are divided by the number of
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circuits, which is a parameter that can be entered by the user, to determine
values for each circuit.

The three-zone approach is developed following the structure illustrated
in Figure 5.2, adapted from Martins Costa and Parise [141]. As it can be
observed, the air stream is split into all three zones, with mass flow rate

proportional to each zone area.
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Figure 5.2: Schematic flow diagram for the multizone method applied to the
condenser, adapted from Martins Costa and Parise [141].

The condenser submodel uses the physical description of the heat ex-
changer, the refrigerant mass flow rate, the condenser inlet air temperature
and relative humidity, and the refrigerant state at the condenser inlet to eval-
uate the refrigerant state at the condenser outlet. A flow chart outlining the
structure and the iterating processes considered for the condenser model is
presented in Figure 5.3.

The following modifications were applied to the ORNL Heat Pump
Design Model:

e Updated correlations for refrigerant properties, including non-azeotropic

mixtures;
e Updated correlations for air properties;

e Updated correlations for refrigerant-side single-phase and two-phase heat

transfer coefficients;
e Updated correlations for air-side heat transfer coefficient;

e Updated correlations for refrigerant-side single-phase and two-phase

pressure drops;
e Updated models for refrigerant charge calculation;
e More options for tube internal surface;

e More options for air-side fin geometry.
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Figure 5.3: Structure and organization of the condenser from the ORNL Heat
Pump Design Model [89].
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The mathematical description of the updated condenser model is outlined
in the following sections, from the physical definition of the tube-and-fin heat

exchanger to performance calculations.

5.2.1.1
Heat exchanger geometric parameters

The physical parameters required to fully describe the condenser are
listed below. All other geometry-related variables can be further calculated
based on these input characteristics. The remainder of this section is devoted
to explain how to compute them. Figure 5.4 provides an illustration of the

tube-and-fin heat condenser, with dimensions of interest indicated [142].

- d -
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Figure 5.4: Sample tube-and-fin heat exchanger, adapted from Zhou et al.
[142]).

heat exchanger cross-sectional area, A.;

tube outer diameter (air-side), Dy;

tube inner diameter (refrigerant-side), D, s;

fin pitch, Fp;
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number of equivalent, parallel refrigerant circuits, Ne..;

number of tube rows in transverse direction, Nr;

tubes transverse pitch, St;

tubes longitudinal pitch, Wr; and

fin thickness, 0.

The total number of refrigerant tubes, N;,, as well as the depth, d, and

height, H, of the heat exchanger are computed as follows:

Ntot - NVNT (59)
d = NpWr (5.10)
H = NySr (5.11)
The lenght of the heat exchanger, [, is determined next:
A
= 5.12
NSy (5.12)
The number of fins, Ny, is defined by Eq.(5.13).
A.Fp
N, = 5.13
I = NSy (5.13)

The length of each tube not covered by fins, l.,,, and the “projected” area

of tubes obstructing air flow, A}, can be written as, respectively:

A,
lewp = NoSy (1 — Fpd) (5.14)
AC‘D(I
Aty = —g— (1 = Fp0) (5.15)
T

The air-side heat transfer area, A,, is calculated in Eq.(5.16), whilst
Eq.(5.17) describes the refrigerant-side heat transfer area, A, .
~ NrA.

T

Aa

D2
[QFP (STWT I : ) + wDa] (5.16)

NTACﬂ'Drf

St
The total cross-sectional area of the fins obstructing air-flow, A%, is

Ay = (5.17)

defined by Eq.(5.18), so that the minimum free-flow frontal area, Ay, is
represented in Eq.(5.19).

5 = AFps (5.18)

A
Asp = 5. (St — Do) (1 — Fpd) (5.19)
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Eq.(5.20) describes the refrigerant-side heat transfer area per unit of
number of parallel circuits, A,,, while the refrigerant-side heat transfer area

per unit of mass flow rate of air, ao, is defined by Eq.(5.21):

NTACWD”@
Arp = ——77 5.20
" STNciTc ( )
NpmD
a = Tt (5.21)

G (St — Do) (1 — Fpo)

Now, considering o, as the ratio between free-flow frontal area and frontal

area,

St —D,) (1 — Fpd
00 = (51 ) - Fr ), (5.22)

St
parameter ag can be rewritten as:
NTWDTf

= — 5.23
0 Go.Sr (5.23)

The ratio between air-side heat transfer area and minimum free-flow

frontal area, a,;,, is determined by Eq.(5.24).
* . Aa

Regarding the tube internal surface, three different types can be selected

Qa

(5.24)

for the heat exchanger: smooth, micro-finned or cross-grooved tube. Micro-
finned tubes were first developed by Fuji et al. [143] of Hitachi Cable Ltd, and
described by Tatsumi et al. [144]. Later, design variants, cross-grooved surfaces
being one of them, were defined by Shinohara and Tobe [145]. Additionally,
Webb [146] thoroughly described their historical development and performance
for condensation and evaporation processes [147].

When an enhanced tube surface, either micro-finned or cross-grooved, is
considered, additional geometric parameters must be defined to fully describe

the heat exchanger. They are the following:

e fin angle, vy;
e helix angle, vo;
e fin height, v3;

e number of fins , 4.

Figure 5.5 illustrates the geometry of micro-finned and cross-grooved
tubes, based on Cavallini et al. [148].

For the air-side fin geometry, four options are present: flat, wavy, louvered
or lanced fin. The first successful heat transfer and friction factor correlations
for flat fin geometry were proposed by McQuiston [149]. Wang et al. [150]
thoroughly studied the heat exchange and pressure drop in tube-and-fin heat
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Second set of grooves

First set of grooves

5.5(a): Micro-finned tube 5.5(b): Cross-grooved tube

Figure 5.5: Typical configuration of enhanced internal surfaces: micro-finned
and cross-grooved tubes (based on Cavallini et al. [148]).

exchangers with flat fin. Enhanced fins can, however, significantly improve the
heat transfer in comparison with their plain fin counterpart. Wang et al. [151]—
[153] constructed correlations for the air-side performance and friction of tube-
and-fin heat exchangers with wavy, louvered and lanced fin patterns, based on
consistent reduction methods.

If wavy fins are selected, the following options for corrugation angle, as
addressed by Wang et al. [151], are available: 9.76, 10.76 or 11.76°.

When a fin of the louvered pattern is chosen, the louver angle must be
defined among (Wang et al. [152]) 13.50, 24.47, 24.89, 25.00, 28.15, 30.24 or
39.45 °.

For a tube-and-fin heat exchanger with lanced fins, one of the three
options that follow, which are further described in Wang et al. [153], can be
selected: slit-medium, superslit-low or superslit-high.

Figure 5.6 shows the geometry of wavy and louvered fin-and-tube heat
exchangers, adapted from Wang et al. [151,152]. Corrugation angle, for wavy
fins, and louver angles, for louvered fins, are schematically represented in Figure
5.7.

5.2.1.2
Heat exchanger thermal performance

The performance of the condenser is calculated by means of the compu-
tational sequence illustrated in Figure 5.8 [89].

According to Fischer and Rice [89], effectiveness-NTU correlations are
used to compute the heat transfer for the single-phase and two-phase refrig-
erant regions of the heat exchanger. Eqs.(5.25) and (5.26) give the number of
transfer units and the effectiveness, respectively, for the two-phase region of

the condenser.
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Louver

5.6(a): Wavy fin 5.6(b): Louvered fin

Figure 5.6: Schematic of typical fin patterns for tube-and-fin heat exchangers:
wavy and louvered fins (adapted from Wang et al. [151,152])

Carrugation
angle

5.7(a): Corrugation angle of a wavy fin

ouver Angle
D SN

» [nlet velocity Fin pitch

SN aA

5.7(b): Louver angle of a louvered fin

Figure 5.7: Representation of fin angles for wavy and louvered tube-and-fin heat
exchangers: corrugation and louver angles (adapted from Wang et al. [151] and
Vorayos and Kiatsiriroat [154], respectively)

A
NTU,, = ZA o (5.25)

Cm'in,tp c ( Arf + 1 )
p,m A
NaClqAg Qrftp

Etp = 1-— exp (—NTUtp) (526)
where ag is the refrigerant-side heat transfer area per unit of air mass flow
rate, defined in Eq.(5.21), and U is the overall heat transfer coefficient, based

on Eq(5.27), with 7y representing the air-side finned area effectiveness.
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Figure 5.8: Block diagram for the condenser performance calculation, adapted
from the ORNL Heat Pump Design Model [89].
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r 1 n 1
UA B ndaaAa &rf,tpATf
In order to further calculate the pressure drop and the heat transfer

(5.27)

rate for the two-phase, superheat, and subcooled regions, it is necessary to
determine the fraction of each coil. From Fischer and Rice [89], for the fraction
(in relation of heat exchanger area occupied by each zone) of the condenser
consisting of two-phase refrigerant, the heat transfer rate required to fully

condense the refrigerant flow, Qtp, is considered, as expressed by Eq. (5.28).

Qtp = mrfh;ﬁfg (5.28)
where the so-called effective driving enthalpy difference in the two-phase region,
h/fg, can be determined with Eqs.(5.29) and (5.30) [89], with Ay, representing

the refrigerant latent heat.
Wiy =hgg+ ot Ty — Trsw) (5.29)

g = Nrfo— hrgy (5.30)
The bulk refrigerant temperature at the end of the single-phase vapor

region, that is, at which refrigeration condensation begins at the tube wall,
T} 45, is obtained from Eq.(5.31) [89].

wTrfv _Tain
Tygs = ——— 5.31
d — (5.31)

where T, represents the refrigerant temperature entering the two-phase

region, T, ;,,, the inlet air temperature, and v, a paremeter given by (5.32).

avArf
=14 —- 5.32
w * CVaAaLnd ( )

Eqgs.(5.33) and (5.34) describe, respectively, the mass flow rate of air

required to achieve Qtp and the fraction of the coil containing two-phase

refrigerant.
. Qtp
Matp = 5.33
P 8tpcp,m |Trf,tp,avg - Ta,in| ( )
ma,t
fip = —ma” (5.34)

Further, according to Fischer and Rice [89], in case the sum fy, + f, is
greater than 1, then f, is set as 1 — f,,. The number of transfer units for the
subcooled and superheated regions of the condenser are given, respectively, by
Eqgs.(5.35) and (5.36).

1

1
NTU, = ——— 5.36
Rvomin,v ( )
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where the thermal resistances, R, and R, are obtained with Eqs.(5.37) and
(5.38). Conduction thermal resistances are, given the small magnitude of their

contribution, neglected [89].

1 Ay 1 )
R, = + 5.37
: fiAn <77daaz4a Qrri ( )
1 Ay 1 )
R, = + 5.38
fUAT‘h (ndaaAa Qpfy ( )

Regarding the effectiveness of the subcooled and superheated regions, an
approximate solution, developed by Hiller and Glicksman [85], is considered.
Such approximation assumes a cross-flow heat exchanger with both fluids
unmixed. In that sense, Egs.(5.39) and (5.40) are associated with a counterflow

heat exchanger, whilst the correction for a cross-flow orientation is obtained
with Egs.(5.41) and (5.42).

( Cmin,l
1l—exp—NTU; | 1 — C
max,l .
) f . .
| Cmiml . — Cmiml 1 Cmm,l < Cmaac,la
— X _— —
Ecfl = Cma;t,l P : Cma;t,l
NTU,
PN if szn = C’maac .
1+ NTT, o ming (l |
5.39
( C i
1 — exp[-NTU, <1 — Cmm’v)]
L f szn v Cmaac vs
1 Cmin,v e NTU 1 Cm'm,v : 7 = "
Ecfw = 4 Cmam,v P Cmax,v
NTU,
— if Cmm v — Omax v-
|1+ NTT, = min, (’5 0
1
€1 = Ecf)l c - (541)
min,l (1 +0.047 min,l > (NTUZ)O.O?)G
max,l max,l
Ev = Ecfw (5.42)
' szn v Cm'm v
o (1 + 0.047 =2 ) (NTU,)"

Since all three refrigerant regions can be present in the condenser, deter-
mining the fraction of the heat exchanger which is superheated, f,,, requires two
iterations: first on f,, and then on C,4./Chin, until Eq.(5.43), relating maxi-
mum to actual heat transfer transfer rate with the zone effectiveness, which is

a function of capacity rates ratio and NTU, is satisfied [89].
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Cmax v ’T’zn - Tout‘ Cmax v
: mar — o — NTU, 5.43
Cmin,v (Trf,in - Ta,'m) g Cmin,v ( )
where
Ca,v - macp,mfv - Cmin,v or Omaz,fu (544)

Thus, in case there is subcooled liquid at the condenser exit, the fraction
of the heat exchanger which is subcooled, f;, can be determined considering

the values of f, and f, previously calculated.

fl:]-_ftp_fv (545)
with C,; calculated analousgy as in Eq.(5.44), that is:

Cag = MaCpm fi = Cring O Crazy (5.46)

The heat transfer rate and the effectiveness associated to the subcooled
region of the condenser can, according to Fischer and Rice [89], be determined
by iterating on the exit temperature and the average specific heat for the liquid
refrigerant. Such condition is due to the dependency of the refrigerant capacity
rate, Cy s, on the average refrigerant specific heat for the subcooled region, and
thus on the exit temperature.

Regarding the heat transfer for the entire coil, it is defined as the sum of
the rates for the two-phase region, computed using Eq.(5.28) and the rates
for the subcooled and superheated regions, calculated in accordance with
Eqgs.(5.47) and (5.48) [89].

Qi = Crp /ATy (5.47)
Qv = rf,vATrf,v (548)
where
Crpg = MypCprpy (5.49)
Crf,v = mrfcp,rf,v (550)
Therefore,
Q - Qtp + Ql + Qv (551)

Further, Eqs.(5.52) to (5.54) are applied to compute the air-side temper-

ature change for each of the three regions.

ATa,tp - CQ_tf (552)
a,tp
AT,, = oA (5.53)

Oa,v
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Qi
C(a,l

where Qp, @y, @; are variables associated to air-side sensible heat transfer

AT, = (5.54)

alone, and C, 4, is defined analousgy to Eq.(5.44).

Oa,tp = ma,tpcp,m (555)
Finally, the average air temperature at the exit of the condenser can be
determined with Eq.(5.56) [89].

Qtp + Qv + Ql

Ta,out - Ta,in + .
MaCpm

(5.56)

5.2.1.3
Refrigerant-side single-phase heat transfer coefficient

The refrigerant single-phase heat transfer coefficient in the condenser
tubes is calculated for three different types of internal surfaces: smooth, micro-
finned and cross-grooved. When fully developed laminar flow is considered,
regardless of the internal surface of the tube, heat transfer coefficient can be
derived from first principles [155]. For predicting fully developed turbulent flow
heat transfer coefficient inside smooth tubes, the Dittus-Boelter correlation
[156] is applied. In the case of turbulent flow through micro-finned or cross-
groved tubes, Huang [157], who modeled air-conditioning condensers and
evaporators with emphasis on in-tube enhancement, presented enhancement
factors based on the Dittus-Boelter correlation as a function of Reynolds
number only.

The refrigerant heat transfer coefficient in the superheated region of the
condenser is calculated by Eq.(5.57) [157].

4.364 if Re,.r, < 2300;
Nupgy = 4 0.023 Prif Rel?, if Re,t., > 2300 and smooth; (5.57)
0.023 Ej, Prif Redp, if Re,s, > 2300 and enhanced;

where
T U‘D’f'
Nuyp, = v=rf (5.58)
k'rf,v
D, G,
Reyp, = — 11 (5.59)
,u'rf,v
Pryy, = brfvrty (5.60)
krf,v

The refrigerant mass flux, G, is calculated by
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My f
G.r = 5.61
4

where, even for enhanced surfaces like micro-finned and cross-grooved tubes,
the cross-sectional area is referred to as in (5.61).
Likewise, the refrigerant heat transfer coefficient in the subcooled region

of the condenser is computed using Eq. (5.62) [157].

4.364 if Re,r, < 2300;
Nuggy = € 0.023 Prf Re)y, if Re,r; > 2300 and smooth; (5.62)
0.023 Ej, Pr)fRe)?, if Re,p; > 2300 and enhanced,;

where
T DT
Nuypy = B! (5.63)
Fr g
D, /G,
Re,.p; = i Al (5.64)
Hrgl
Pr,y, = Hrtieril (5.65)
krf,l

The enhancement factor, E}, for micro-finned or cross-grooved internal

surfaces, valid for both liquid and vapor, is determined as follows [157]:
Ej, = 1.7622 — 8.778 - 10"’ Re, s + 5.5556 - 10" Re; (5.66)

5.2.1.4
Refrigerant-side two-phase heat transfer coefficient

The refrigerant heat transfer coefficient in forced convection condensation
inside tubes is calculated by Eq.(5.67), based on Cavallini et al. [158]. This
correlation was selected due to its good agreement with a set of experimental
data composed of condensation for single fluids (R22, R32, R134a,R125),
azeotropic mixtures (R410A, R502, R507A) and zeotropic mixtures (R407C,
R32/R125 and R32/R134a), including two new very low GWP refrigerants
(HFO-1234yf and HFO-1234ze) [159).

E k?"f,l
Oétp = Nurf (D:]c) (567)
where
Nu =0.05 Re),, Pr){} Ra™ (Bo,Fr,z)™ (5.68)

Exponents v; and 7, are computed for different types of internal tube

surfaces, as follows:
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0  if smooth;

1.4 if micro-finned and 53/D, > 0.04;
n = (5.69)
2.0 if micro-finned and f3/D, < 0.04;

2.1 if cross-grooved.

;

0 if smooth;

—0.08 if micro-finned and f33/D, > 0.04;
Y2 = (5.70)
—0.26  if micro-finned and f5/D, < 0.04;

—0.26 if cross-grooved.

A paremeter, Dy, is defined as an adjustment of D,, considering, once

again, the distinct types of surfaces, as outlined in Eq.(5.71).

* 4A8€C
Drp=y— (5.71)
where
nD? f
1 if smooth;
Asee = (5.72)
ﬁfo .
1 B4Ayfin  if enhanced.
and
b 5y
Afin = tan { — 5.73
d o < 2 ) cos (B2) (5.73)

The refrigerant equivalent Reynolds number, Re,f¢q, is computed by
means of the superficial vapor and superficial liquid Reynolds numbers, Re;,

and Re;;,, respectively [158].

0.5
* * Hr fv Prfl
Re,feq = Rer + Rerr, < ) (—) (5.74
freq £ AV )
where
G 2Dy
Re} = —rfrawrS (5.75)
o
“ (1 — 240) D?
Re = rs (1= Tqu) Dry (5.76)
Hi

and x4, is the average vapor quality, calculated as the arithmetic mean between
the inlet and outlet quality values.

The refrigerant mass flux adjusted for enhanced surfaces, Gy, defined by

Cavallini et al. [158], is calculated as follows:
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* mT‘f

Tf B ASGC

Parameter Rx, as well as the refrigerant Bond and Froude numbers, are
computed by Egs.(5.78), (5.79) and (5.80), respectively.

(

(5.77)

1 if smooth;
R = 20304 {1 — sin (%)] cos (2) (5.78)
3 if enhanced.
[WD:fcos (é)} +1
\

1 if smooth;

Bo = (5.79)
9.18 D*
M if enhanced.

80rfﬁ4
(
1 if smooth;

Fr— (_f) (5.80)

p'f‘f,’l)
\ 9.18Dy,
where o0, is the surface tension obtained considering refrigerant average

if enhanced.

pressure and bulk enthalpy, at saturated liquid condition, as below:

orf = I (Prfavg, hrs) (5.81)
Finally, when the average quality value is not between 0.1 and 0.95,
Cavallini et al. [158] suggested an interpolation method for evaluating the heat

transfer coefficient, as presented in Eq.(5.82):

(0.1 — zgy) p g + Tguwory
( aw) rii & Qg if 240 < 0.1;
0.1
Qp = O p if 0.1 < 24 < 0.95;  (5.82)
Tqw — 0.99) appy + (1 — 2g0) )
s Jrsn (L7 Tow) Qg Zqw > 0.95.

\ 0.05
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5.2.1.5
Air-side heat transfer coefficient

The heat transfer coefficient for the air-side of the condenser is based on
the work of Wang et al. [150-153], who studied and proposed correlations for
the air-side performance of flat, wavy, louvered and lanced fin-and-tube heat
exchangers, based on consistent reduction methods.

The air-side heat transfer characteristics are presented in terms of the

Colburn factor, j:

g =j Gy cpo Pr;?? (5.83)
where G, and Pr, represent, respectively, the mass flux of air based on the

minimum flow area and the air Prandtl number, calculated as:

Ga = ‘/a,ma:vpa,in (584)
Pr, = bermn (5.85)

where ¢, ,, is the specific heat for moist air conditions, obtained in terms of

the air humidity ratio, w, as follows:

_ Cpa+ 1.805w (5.86)
B 14w '

The maximum velocity inside the heat exchanger, V; ;44, is computed in

Cp,m

terms of the minimum free-flow frontal area and the air flow rate, as expressed
in Eq.(5.87).
Va
Va,ma.t = (587)
Asg
The final equation forms for the j factors are given according to the type
of fin considered, as summarized by Eq.(5.88). These expressions are dependent
on a number of parameters, including the hydraulic diameter, Dj, and the fin
collar outside diameter, D, defined by Eqgs.(5.89) and (5.90), respectively.
(

jfl if ﬂat;

oo if Wavy;
=1’ Y (5.88)
Jw  if louvered;

[ Jie if lanced.

(5.89)

D.= D, + 26 (5.90)
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Flat fins. For a flat fin-and-tube heat exchanger, Eq.(5.91) is considered for
the determination of the Colburn factor, as reported by Wang et al. [150].

0108 pe02( 5t (Er”! S ETIN T (N i Ny — 1
' a,De Wr D. D, ST r ’

(

Jp =
_ As 1\ 6 —1~\ —0.93
‘ Fp~! Fp Fp )
0.086 Re, N M( ) ( ) <— if N > 2.
L aDe T D, Dy, St r=
(5.91)
where

A = 1.9 — 0.23log, (Reqp,) (5.92)
Ay = —0.236 + 0.126 log, (Rea.p, ) (5.93)

0.042 Ny Fp 1\
s = —0.361 — ————T 1 01581log. | N 5.94
° IOge (Rech) * OB T( D. ) ( )

1.42
0.076 (%)
Ay = —1.224 — h 5.95
! loge (R€a7DC) ( )
0.058 Ny
Ay = —0.083  — T 5.96
; " Tog, (Rewn) (5.96)
Re,
X = —5.735 + 1.211og, ( ¢ ’DC) (5.97)
Nrp

Wavy fins. If wavy fins were present, Wang et al. [151] suggested the following

expression:

F—l A2 WT A4
Jwo = 0.324 Re)'y, (WLT) (tan 0)* (S_T) NPA8 (5.98)
where 6 can vary between 9.76, 10.76 and 11.76°.

In such case,

pol 0.6 W 0.54
/\1:—0.229+0.115< P) < T) N;%#41og, (0.5tanf)  (5.99)

D, Dy,
0.232 N3
Ay = —0.251 T 5.100
’ T og, (Reap.) — 2.303 (5.100)
pol 0.09 W -1.75
A\g = —0.439 (D%) (S—;’) N %% (5.101)

A1 = 0.502 [log, (Req.p,) — 2.54] (5.102)
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For a wavy fin-and-tube heat exchanger, the minimum free-flow frontal
area is calculated by Eq.(5.103), below, instead of Eq.(5.19) [151].
A

Agy=5* (Sr—Da) (1 cos05> (5.103)

Louvered fins. When a heat exchanger with fins of the louvered type is

considered, the correlation presented by Wang et al. [152] is the following:

( — A — A —1.724
Fot\ ™ Fo'N\ ™ (W,
14.3117 Re,’p, (L) O (L) ( T) if Re,,p. < 1000;

D, Wy Sr
jlv =
F—l A6 W A8
1.1373 Re)’, (WL) QM <S—T) NP:3545 if Req,p, > 1000.
\ T T

(5.104)
where paremeter () varies as follows:

(0.240 i 6 = 13.50°;
0.455 if 6 = 24.47°;
0.464 if 6 = 24.89°;
Q= 140.466 if 6 = 25.00°; (5.105)
0.535 if 6 = 28.15°
0.583 if 6 = 30.24°;
0.823 if = 39.45"

In that sense,

3.1
A= —0.991 — 0.1055(?—5) log, (Q) (5.106)
NT0.55
Ao = —0.7344 + 2.1059 5.107
2 + [log6 (Req,p.) — 3.2 ( )
W —4.4
A3 = 0.08485 + (S—T) N 068 (5.108)
T
M\ = —0.1741log, (N7) (5.109)
W 0.52
As = —0.6027 + 0.02593 (D_Z) N;%log, () (5.110)
NTO.7
Ae = —0.4 40774 111
¢ = —0.4776 + 0.4077 Loge Bewn) = 4'4} (5.111)
Pl 2.3 W\ 16
A7 = —0.58655 (D%L) (S_D N 06 (5.112)

As = 0.0814 [log, (Rep,) — 3] (5.113)
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With louvered fins, the calculation of the minimum free-flow frontal area
is represented by Eq.(5.19) [152].

Lanced fins. Eq.(5.114) is applied for lanced fin-and-tube heat exchangers,
as reported by Wang et al. [153].

4

A6
1.0691 RejﬁDc( E —) N if Np < 2;

o . JARENRE Sy A3 e —0.0305 o
Jie = § 0.9047 Rea,ch —_— — Ny it Ny > 2 and Re, p. < 700;

Dc T Kp
F—l As K A6
1.0691 RleDc( 5 ?) Ny if Ny > 2 and Re, p, > 700.
\ c h
(5.114)
where
1.98 if slit-medium;
Rs = 4 1.0 if superslit-low; (5.115)
1.0 if superslit-high.
1.46 if slit-medium;
kn =94 1.6  if superslit-low; (5.116)
2.0  if superslit-high.
D
A1 = —0.2555 — 0.0312 <F‘1> — 0.0487Np (5.117)
P
g 2
Ay = 0.9703 — 0.0455 \/Re, p, — 0.4986 {loge (WTH (5.118)
T
F*l
A3 = 0.2405 — 0.003Re, p, + 5.5349 ( 5 ) (5.119)
St
Ay = —0.535+0.017 o~ 0.0107Nyp (5.120)
T

NT NT NT
A5 = 0.4115 + 5.5756 1 24.2028 5.121
’ N ReaaDc 08 <Rea7Dc) " R ( )

3
¢ = 0.2646 + 1.0491 <i> log, (”—) —0.216 (”—) (5.122)

Kh
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Ar = 0.3749 + 0.0046 \/Req p. log, (Reap,) — 0.0433 /Reqp,  (5.123)

Lanced fins require the minimum free-flow frontal area calculated as in
Eq.(5.19) [153].

5.2.1.6
Refrigerant-side single-phase pressure drop

To compute frictional pressure drop for single-phase flow in a tube,
the Churchill correlation [160], with a Petukhov friction factor for smooth
tubes [161], is considered. In enhanced internal surfaces, this form of friction
factor expression is modified, with an increase of 25% in pressure loss being
assumed for microfinned and cross-grooved tubes, as suggested by Brognaux
et al. [147].

The Churchill correlation combines expressions for friction factor in both
the laminar and turbulent flow regimes, whilst providing an estimate for the
transition region [162]. Further, Churchill’s model shows very good agreement
with the Darcy-Weisbach [161] equation for laminar flow [162], whereas in
the turbulent regime, a difference of around 0.5-2% is observed between the
correlations by Churchill and Colebrook—White [163].

The pressure drop is calculated according to Eq.(5.124).

L Gy
Dyy 2p,
where [; is the legth of the tube with liquid refrigerant, determined as follows:

APy =G (5.124)

I, = fil (5.125)
Eq.(5.126) is used to compute the friction factor for the in-tube liquid
flow.
Gl sm if smooth;
G = (5.126)
1.25 (i sm if enhanced.
where
(64
if Re,r; < 2300;
ReTf,l ' Crfi
Clsm = (5.127)

8

g 12 1 1/12
SR - if Re,z; > 2300.
(Rerf,l) (711 + 71,2)1'5]
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and

16

1

711 = { 2.457log N (5.128)
€
0.27
(ReTf,l) - (Drf)
37,530\ °
T = < Fie ) (5.129)

Regarding the pressure drop in the heat exchanger vapor zone, AP,y is
calculated in the same fashion of Eq. (5.124), considering, in this case, variables
Cos buy Pos Co.sm, Rew, Tp1 and 7,2, computed analogously as in Eqgs. (5.126) to
(5.129).

5.2.1.7
Refrigerant-side two-phase pressure drop

To compute pressure drop for condensation processes, a correlation by
Choi et al. [164] is applied. The authors developed an expression, based
on Pierre’s pressure drop model [165], for evaporation and condensation in
smooth and enhanced tubes, for both lubricant-free refrigerants and refriger-
ant/lubricant mixtures.

The two-phase pressure loss is represented as follows:

APypap = (APfre + APucc) (5.130)
The friction contribution to the pressure loss is given by Eq. (5.131):
2G* l /UT' av
APfrc = gtpM (5131)

Ean
where Gy, is defined in Eq. (5.77), Iy, is the tube length with two-phase

refrigerant, determined by Eq. (5.132), and v, 4, is the refrigerant average

specific volume in the tube, calculated by Eq. (5.133).

ltp - ftpl (5132)
Vawg = w (5.133)

Further, the friction factor, (,, is calculated as in Eq. (5.134), whilst
&an, a parameter dependent on the type of internal surface of the tube, can be
obtained with Eq. (5.135).
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— h/rf,l’ ’mrf,out — $Tf,in|)0'1554

(’hrf,v
Ctp = 0.005058

9.80665 [
N (5.134)
( rfé.dh)
Hrfl
D, ¢ if smooth;
Ean = ) (5.135)
4
*¢ if enhanced.
Ssp
where A, is defined in Eq. (5.72) and &, is determined as:
gsp = 7TDrf - 64 [gba + <§ba2 + 4ﬁ32)0.5} (5136)
205t )
b = 2Patan (0561) (5.137)
cos Py

The acceleration contribution to the pressure loss is given by Eq. (5.138):

2G0r avg

AIjacc = ’*erf,out - xrf,in’ (5138)

Tqw
where 4, is the average vapor quality.

5.2.1.8
Refrigerant charge

To calculate the total refrigerant mass in single and two-phase sections

of a tube-and-fin heat exchanger, Eq.(5.139) is considered.

My f = Mypi + Mygy + Mefp (5139)
where
7D} 1 1 1
rf
T = l Ncirc - 5140
! ( 4 : ) (Urf,l - Ur f,0ut 2) ( )
and

wD? 1 11
m?‘f,'[) = ( 4 f l'UNC'iTC) ( + _> (5141)

Urfin Urfo 2
For two-phase flow, Eq.(5.142) is considered, with the two-phase density

being calculated in terms of the void fraction ®.

ﬂ-Dgf 1 1
Maepap =\ =3 lpNeire | | - (1-@)+~ ; d (5.142)

According to Assawamartbunlue and Brandemuehl [166], different models
for void fraction calculation have been proposed by Rigot [167], Ahrens [168],
Zivi [169], Smith [170], Lockhart and Martinelli [171], Baroczy [172], Tandom et
al. [173], Hughmark [174], and Premoli et al. [175]. However, large variations in
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average two-phase density are verified when comparing the alternative models,
with Rice [176] reporting that the average density can vary by a factor of 10
among them.

Notwithstanding, studies from Rice [176] and other researchers showed
that the absolute accuracy of the void fraction model does not affect heavily
performance prediction, mainly due to charge-sensitive systems “rebalancing”
themselves at off-design conditions, besides the many interactions among
system components [166]. Since different tube interbal surfaces are considered,
correlations adapted to each condition are applied.

According to Honeywell [177], the correlations that provide smallest
deviations in both condensation and evaporation processes for smooth tubes
are those of Premoli et al. [175] and Smith [170]. Regarding two-phase flow in
enhanced surfaces, Honeywell suggested [177] the application of Barozy’s [172],
Hughmark’s [174] or Premoli et al.’s [175] correlations. In that sense, the four
correlations mentioned are included for use in the model, with the potential
user free to choose which expression to consider. When no specific choice
is made regarding the void fraction calculation method, the model uses the
Premoli et al. expression [175] for smooth tube, whilst, in enhanced tubes,
Hughmark’s correlation [174] is applied, Eq.(5.143).

Dprem  if smooth;
b = (5.143)

D prygn  if enhanced.

Premoli et al. model According to Rice [176], the method developed by
Premoli et al. [175] is mass flux-dependent and empirically based, and it was
optimized to minimize liquid density prediction errors. The authors’ equations

were given in terms of the slip ratio, ¢g, as described by Eq.(5.144).

1
o rem —— 5.144
P 1 + 1 - mqw prf,v ( )
Tqw prf,l
where
& 0.5
os =14 ¢p1 (m - ¢F2¢y> (5.145)
Y
0.22
¢r1 = 1.578 Re, ;" (p—f) (5.146)
’ prf,l
0 —0.08
Gy = 0.0273 We,;; Re 00t [ Bl 5.147
£ rf,l pr)
rfl
by = Ppe (5.148)

_1_¢Be
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OBe = L (5.149)
Be 1+ 1- Lqw Prfu .
L quw Prfl
The refrigerant liquid Webber number We,s; is defined as:
WeTfJ = (5150)
OrfiPrfl

Hugmark model The empirical Hughmark correlation [174] is a generaliza-
tion of the work of Bankoff [178], assuming a bubble flow regime with a radial
gradient of bubbles across the channel [176]. Results from Otaki [179] and
Farzad and O’Neal [180] showed that the Hughmark method provides great
comparison to experimental data [166]. The equations for the Hughmark model

involve use of another form of the homogeneous equation,

D prugh = % (5.151)
bcar = 1¢_K§ 5 (5.152)
14 qw Prv
Tqw Prl

where ¢ is the added dependence, differentiating from the homogeneous
equation where ¢y = 1. Eq.5.152 must be iteratively evaluated to obtain the
void fraction at each refrigerant quality. Thus, because of the need for iteration,
the Hughmark model is the most difficult method to use of those mentioned
here. Its detailed escription can be found in Hughmark [174] and Rice [176].

5.2.2
Evaporator

In a similar fashion, a tube-and-fin evaporator from the same version of
the ORNL Heat Pump Design Model [89] is considered for update.

The model approach for the evaporator is almost identical to that
of the condenser, except for the air dehumidification algorithm and other
inherent differences [89], which are further detailed in following sections. The
assumption of equivalent parallel refrigerant circuits with unmixed flow on
both the air and refrigerant sides is maintained, as well as the computation of
parameters in distinct regions, now two: superheated and two-phase zones.

Figure 5.9 illustrates the two-zone approach for the evaporator modeling,
whilst Figure 5.10 presents a block diagram with the organization and loops
considered for model solution. The routines updated for the evaporator are
similar to those of the condenser, and are listed in Section 5.2.1.

The updated mathematical model of the evaporator is described in the

sections that follow.
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a,in

—> > ?

—+—-thbsh-—:-’°—l£

‘I'- D‘r- P

a,out

Figure 5.9: Schematic flow diagram for the multizone method applied to the
evaporator, adapted from Martins Costa and Parise [95].

5.2.2.1
Heat exchanger geometric parameters

The geometry-related parameters associated to the evaporator model are
analogous to those of the condenser, as an identical tube-and-fin heat exchanger
is being considered. Thus, refer to Section 5.2.1.1 for details regarding the
variables and algebra related to the geometry of the evaporator.

Figure 5.4 can also be used as reference for the physical structure of the

evaporator.

5.2.2.2
Heat exchanger thermal performance

The performance of the evaporator is calculated with the computational
sequence depicted in Figure 5.11.

Similarly to the condenser, heat transfer for the single-phase and two-
phase refrigerant regions of the heat exchanger are calculated by means of
effectiveness-NTU expressions. The number of transfer units and the effective-
ness for the two-phase region of the evaporator are described by Egs.(5.25) and
(5.26), respectively.

It is assumed that, in case moisture removal is present (i.e., wet surface)
in the heat exchanger, the phenomenon takes place on the two-phase portion
of the coil only [89]. There is a check to verify, though, if the air exiting the
superheated region of the heat exchanger is super-saturated [89], with a change
in humidity ratio and associated parameters to appropriate values whenever
this situation is confirmed to occur. The reader is advised to check the ORNL
Heat Pump Design Model evaporator model [89] for more details regarding the
heat transfer procedure in the situation of where dehumidification is present.

Moving on with the assumption of no moisture removal, calculation of the
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START

[
INITIALIZE ITERATION
PARAMETERS
]

CALCULATE AIR- AND REFRIGERANT-
SIDE MASS FLOW RATE PER
CIRCUIT AND GEOMETRIC PARAMETERS

¥

DETERMINE SUPERHEATED REFRIGERANT
PROPERTIES AND SUPERHEATED VAPOR I — |
HEAT TRANSFER COEFFICIENT

T

DETERMINE ENTERING QUALITY
AND AVAILABLE HEAT TRANSFER
IN THE TwO-PHASE REGION

]
DETERMINE REFRIGERANT PROPERTIES
AND HEAT TRANSFER COEFFICIENT
FOR THE TWO-PHASE REGION

[}

CALCULATE AIR-SIDE PROPERTIES AND
PRESSURE DROPS,OPTIONALLY ADD
FAN AND/OR COMPRESSOR HEAT LOSS
TO INCOMING AIR, AND COMPUTE
AIR-SIDE HEAT TRANSFER COEFFICIENT

CHECK

FOR
INCONSISTANT AR
TEMPERATURE
ENTERING

SET ERROR
RETURN CODE

DETERMINE PERFORMANCE AND
LENGTHS OF COIL IN EACH
REFRIGERANT REGION

[
COMPUTE REFRIGERANT=SIDE PRESSURE

DROP FOR SINGLE AND TWO-PHASE
REGION

TEST

FOR CONVERGENCE
ON SUPERHEAT

NO COMPUTE NEW AVERAGE
EVAPORATING
TEMPERATURE

OPTIONALLY ADD FAN AND/OR COMPRESSOR
HEAT LOSS TO OQUTLET AIR AND COMPUTE
UA VALUES

Figure 5.10: Structure and organization of the evaporator from the ORNL Heat
Pump Design Model [89].

fraction of each coil with superheated and two-phase refrigerant is required for

further heat transfer and pressure drop analysis. For the evaporator, Eq.(5.153)
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Figure 5.11: Block diagram for the evaporator performance calculation,
adapted from the ORNL Heat Pump Design Model [89].
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represents the heat transfer rate necessary to fully evaporate the refrigerant
[89].

Qip = Myshyg (1= Tppin) (5.153)
where the enthalpy difference in the two-phase region, hy,, is given by
Eq.(5.30).

The mass flow rate of air required to achieve Qtp and the fraction of the
coil containing two-phase refrigerant, 1y, 4, and fy,, respectively, are expressed
in Eqgs.(5.33) and (5.34). If f;, is greater than 1, one observes that the entire
coil contains two-phase refrigerant.

According to Fischer and Rice [89], Eq.(5.36) provides the number of
transfer units for the superheated portion of the heat exchanger, whereas the
thermal resistance is determined from Eq.(5.38). Analogously to the condenser
heat performance calculation, the effectiveness of the superheated region is
obtained from Hiller and Glicksman’s [85] approximate solution, which takes
into consideration a cross-flow heat exchanger with both fluids unmixed,
Eqs.(5.40) and (5.42).

Thus, the fraction of the evaporator in the vapor region is computed
by Eq.(5.154). Nevertheless, the single-phase capacity rate depends on the
refrigerant outlet temperature, an unknown variable. Therefore, an iteration
process is required to determine the effectiveness and fraction of the coil in the

superheated portion of the evaporator [89].

fo=1—fip (5.154)

To compute the heat exchange rate for the entire coil, the sum of rates

for superheated and two-phase regions is determined. Eq.(5.153) describes the
calculation of the two-phase heat transfer rate, while Eq.(5.48) presents that

of the vapor region. Therefore,

Q= Qup+ Qu (5.155)

Then, from Fischer and Rice [89], Egs.(5.52) and (5.54) are used to

obtain the air-side temperature change for each section the heat exchanger.

Evaporator outlet air temperature is computed by an energy balance equation,
for a control volume encompassing the whole evaporator, Eq. (5.156)

Toout = Toin + M (5.156)

M4 Cpm
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5.2.2.3
Refrigerant-side single-phase heat transfer coefficient

The refrigerant heat transfer coefficient in the superheated region of the
evaporator is calculated with the same correlations used for the condenser,
Section 5.2.1.3, except for when enhanced internal surfaces are present. The
enhancement factor obtained by Huang [157], in the case of an evaporator, is

calculated by Eq.(5.60).

Ej, = 1.3833 — 2.500 - 10~°Re,; + 1.6667 - 107 Re;; (5.157)

Thus, the combination of Eq.(5.57) with the enhancement factor calcu-
lated in Eq.(5.157) provides a model to determine the refrigerant single-phase

heat transfer coefficient in the evaporator tubes.

5.2.2.4
Refrigerant-side two-phase heat transfer coefficient

The heat transfer coefficient for the evaporating refrigerant is determined
based on Cavallini et al. [158], for showing good consistency with experimen-
tal data composed of evaporation for single fluids, azeotropic mixtures and
zeotropic mixtures [159]. Eq.(5.16) describes the refrigerant two-phase heat

transfer coefficient calculation for evaporator tubes.

+ (6.283 — ) + apy
1
6.283 (5.158)

where ay, is the heat transfer coefficient for the vapor flow [156], and ap,, is

ayy = 1.25 - 1073720

the heat transfer coefficient in the wetted part of the tube, determined using
Eqgs.(5.159) and (5.160), respectively.

kT U
iy = 0.023ReVE Prot, D{ f (5.159)
Qpyy = Qpp + Qlep (5160)

In the expression for the heat transfer coefficient on the wetted portion of
the tube, parameters «,,;, and o, refer, respectively, to the nucleate pool boiling
component, Eq.(5.161), and the convective liquid flow boiling component,
Eq.(5.165) of the process.

The nucleate pool boiling heat transfer is evaluated according to the
Cooper correlation [181], considering the different types of internal tube

surfaces, as outlined in the expressions below:
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55’ if smooth;
(_ 10g10 Pred)0.55 MO5 ’
iy = < - (5.161)
o, (001 55Pritq" if enhanced
b - 055 g5 I enhanced.
N Drf (—logig Prea) ™" M

where the reduced pressure, P,.4, the heat flux, ¢, and the nucleate boiling
supression factor, s, are determined from Egs.(5.162), (5.163), and (5.164),

respectively.

P
Prea =3 (5.162)
crit
. Ly out — Ly ,in
q:mrfhfg’ ! lt-g fn| (5.163)
sp

136 (1= 200\ [prsw (g
Spbp = ( Tq ) Priv (’li) (5.164)
0.36 Tquw Pril \ Mrfl
Regarding the convective heat flow boiling contribution, the following set

of equations is considered:

( k
0.023 Relf; Prifp sa Dr—fl if smooth;
rf

Qep = |

0.59 0.36
k, {001 100 .
0.023 Relf; Priip® sq L Re2 (Boyg - Frop)™ ( ) ( ) if enhanced.

\ Dry D7y Gy
(5.165)
where
—0.15 if G*; < 500;
Sea = (5.166)
~0.21 if Gz > 500.
05708
Sep = |1 — g + 2.63240 (M) (5.167)
prf,v
5.2.2.5

Air-side heat transfer coefficient

The heat transfer coefficient for the air-side of the evaporator dry region
is calculated in similar fashion to that of the condenser. The assumption of
different types of fins is also considered in the modeling of this parameter,
with the studies of Wang et al. [150-153] serving as reference, once again.

Thus, correlations from Section 5.2.1.5 can be used to determine the
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air-side performance on the dry portion of flat, wavy, louvered and lanced
fin-and-tube evaporators.

The air-side heat transfer coefficient for the wetted zone of the heat
exchanger, oy e, due to dehumidification, is obtained according to Meyers
[182], in terms of the dry coefficient, oy gy, the air volume flow rate, V., and

the frontal area, A..

A

It is assumed that this correlation also applies to wetted surfaces with

- 0.101
Qg et = 1.067 (—a> Qg dry (5.168)

wavy, louvered and lanced fins.

5.2.2.6
Refrigerant-side single-phase pressure drop

The model for determining the pressure drop in the refrigerant single-
phase zone of the evaporator is similar to that of the condenser, described
in Section 5.2.1.6. With that in mind, Eqs.(5.130) to (5.138) can be applied,

considering the parameters associated to refrigerant flow in the evaporator.

5.2.2.7
Refrigerant-side two-phase pressure drop

Since the correlation developed by Choi et al. [164], and applied in Section
5.2.1.7, is valid for both evaporation and condensation processes, without loss
of generality, Eqgs.(5.130) to (5.138) can be used to determine the pressure loss

during evaporation inside smooth or enhanced tubes.

5.2.2.8
Refrigerant charge

Determining refrigerant mass in single and two-phase sections of the
tube-and-fin evaporator follows the same routine described for the condenser,
Section 5.2.1.8. Correlations by Premoli et al. [175] and Hughmark [174] are

considered, again, for smooth and enhanced tube internal surfaces, respectively.

5.2.3
Compressor

The sub-model for the compression device is based on the ANSI/AHRI
Standard 540, which refers to the performance rating of positive displacement
refrigerant compressors and compressor units [183]. In this model, which is

straightforward and requires less development time, the performance curves of
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a given compressor are statistically adjusted with equations that comprise its
mathematical model.

The model allows the user to define its own scroll, reciprocating or
rotary compressor, characterized with the use of either compressor maps or
performance data obtained from laboratory tests or commercial catalogs. The
compressor input data comprise the geometry, capacity, power consumption
and operating conditions observed during the calorimeter tests.

The main variables considered by the compressor model are refrigerating
capacity, power consumption, mass flow rate and electrical current. These
parameters are represented by a polynomial expression, Eq.(5.169), where
T can represent mass flow rate, power input or current, and ¢; to c¢jp are
adjustment coefficients for each of these four. Further, corrections for different
degrees of superheat and extrapolation out of the fitting range are also included

in the present model.

2
T = 1+ ¢ Tev,dew +c3 Tcd,dew + ¢y Tev,dew +

+ ¢ Tev,dew Tcd,dew =+ Co Tc2d,dew + c7 Tegv,dew+ (5169)

2 2 3
+Cg Tcd,dew Tev,dew + Co Tev,dew Tcd,dew =+ C10 Tcd,dew
The user has two options here:

(a) Enter the values for mass flow rate and power (or capacity and power)
for each combination of condensing and evaporating temperatures

(obtained from the performance table of a given compressor); or

(b) Input two sets of ten coefficients, each group referring to mass flow

rate and power (or capacity and power).

Regardless of the selected alternative, the submodel will evaluate the
isentropic and volumetric efficiencies associated to the compression device, in
order to apply them to the operational conditions of the system.

For its simplicity, this model is applicable to compressors as part of a
larger system, though limited, once defined the coefficients of the equations,
exclusively to the tested compressor. Further, utilization of the model must
be restricted to the operating conditions (ISO or AHRI) under which the
experimental data were obtained, due to their empirical nature. Considering
that its mathematical description is based on a polynomial equation, results
with no practical meaning can be produced when the model is applied outside

such conditions.
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5.2.4
Expansion device

A simple model is applied for the expansion device, as for the refrigeration
system considered, the thermal loads do not vary significantly. The expansion
process is assumed adiabatic [129], and, since no work is done, from the energy
conservation equation, the process is isenthalpic. Eq.(5.170) is, therefore,

applied for the expansion device.
hin = Pows (5.170)

5.2.5
Lines

Models for the connecting lines are analytical, with both heat transfer
and pressure drop processes evaluated using the average properties for the fluid.
Input data correspond to geometric parameters (diameters and lengths of tubes
and insulation) and characteristics of the materials (thermal conductivity and
density). The models also predict two-phase flow inside the lines, for when
there is incomplete condensation or evaporation in the heat exchangers.

Regarding heat transfer processes, refrigerant single-phase heat transfer
coefficient in the pipe is determined from first principles [155] when fully
developed laminar flow is verified, whilst for predicting the turbulent regime
heat transfer coefficient, the Dittus-Boelter correlation [156] is considered. In
the case of two-phase flow passing through the lines, correlation from Cavallini
et al. [158] is applied for condensation, as explained in Section 5.2.1.4, whilst
evaporation processes require use of another Cavallini et al. expression [158],
which was further detailed in Section 5.2.2.4.

The air-side heat transfer coefficient is obtained from correlations for
natural convection over horizontal or vertical cylinders [155], depending on the
arrangement of the connecting lines.

For refrigerant pressure drop along the lines, both frictional and gravita-
tional components are calculated. To compute the former, for in-tube single-
phase flow, the Churchill correlation [160] coupled with Petukhov’s friction fac-
tor [161], which was previously discussed in Section 5.2.1.6, is applied. When
two-phase refrigerant is flowing through the pipe, the correlation by Choi et
al. [164] is considered, as detailed in Section 5.2.1.7.
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5.2.6
Refrigerant and air properties

For the refrigerant properties, the model uses look-up tables generated
from REFPROP 9.0 [131], which display information from one table based
on the value of a foreign-key field in another table. The reason for considering
look-up tables in the lumped parameter model is to speed up the computational
process. Calling REFPROP and obtaining properties, within the Fortran
platform, takes computing time and slows down the program when there is
a significant number of property calls, as in the lumped parameter model for
the heat exchangers, specially when non-azeotropic refrigerant mixtures with
large temperature glides are considered. In this sense, the application of look-
up tables proved to be particularly efficient.

Further, to obtain air properties for the condenser lumped parameter
model, expressions from ASHRAE 2009 Fundamentals Handbook [161] are

used.

5.3
Input data

A detailed description of the input data necessary for simulating the
direct expansion refrigeration system modeled above is presented. The set of
data is organized by means of the component directly associated to, in order
to identify the requirements of the model. In short, the physical characteristics
of all devices (except the expansion valve), the ambient conditions (indoor and
outdoor) and the operational data are provided as input data.

Adjustment factors were also considered for all the components, due to
the necessity of calibrating the model once experimental data were available

for validation.

Operational parameters. Parameters regarding the overall performance of

the system are presented next.

1. Refrigerant

2. Outdoor ambient temperature (T¢qq.in)
3. Indoor ambient temperature (7., q.in)

4. Subcooling degree at condenser outlet

5. Superheating degree at evaporator outlet

6. Guess for condensation temperature
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7. Guess for evaporating temperature
8. Number of similar compressors in parallel

9. Number of similar evaporators in parallel

Compressors. As discussed in Section 5.2.3, for compressor-related input
data, the user has to provide the geometry, capacity, power consumption
and operating conditions observed during the calorimeter tests, using either

compressor maps or tabular performance data (c¢;—cyp).

Heat exchangers. The set of data described next must be entered by the user

for each of the two — condenser and evaporator — fin-and-tube heat exchangers.

1. Air volumetric flow rate (V)
2. Relative humidity of the inlet air (w;,)
3. Air heat transfer adjustment multiplier
4. Air pressure drop adjustment multiplier
5. Fan energy input rate
6. Refrigerant heat transfer adjustment multiplier
7. Refrigerant pressure drop adjustment multiplier
8. Tubes outer diameter (D,)
9. Tubes inner diameter (D, )
10. Thermal conductivity of the tubes
11. Thickness of the fins (6)
12. Fin pitch in fins/m (Fp)
13. Thermal conductivity of the fins
14. Frontal area (A.)
15. Number of tube rows in transverse direction (N7)
16. Number of equivalent, parallel refrigerant circuits (Vi)

17. Contact conductance between fins and tubes
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18. Transverse pitch (Sr)
19. Longitudinal pitch (W7 )
20. Number of return bends
21. Type of fins

(a) flat; or

(b) wavy with corrugation angle 9.76°; or
(c) wavy with corrugation angle 10.76°; or
(d) wavy with corrugation angle 11.76°; or

louvered with louver angle 13.50°; or

(e
(f) louvered with louver angle 24.47°; or

(g) louvered with louver angle 24.89°; or
(

(i) louvered with louver angle 28.15°; or
(j) louvered with louver angle 30.24°; or
(k) louvered with louver angle 39.45°; or
(1) lanced and slit-medium; or

)

)

)

)

)

)

)

h) louvered with louver angle 25.00°; or

)

)

)

)

(m) lanced and superslit-low; or
)

(n) lanced and superslit-high.
22. Type of tube internal surface

(a) smooth; or
(b) micro-finned; or

(c) cross-grooved.

The parameters below are associated to enhanced surfaces, and must

only be entered when the internal surface of the tubes is not smooth:
23. Fin angle (1)
24. Helix angle ()
25. Height (73)

26. Number of fins (4)
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Lines. The following set of parameters must be entered by the user for each

of the three — discharge, liquid and suction — connecting lines.

1.

10.

11.

12.

13.

14.

Indicator for flow direction
(a) straight; or
(b) flowing down; or

(c) flowing up.

. Refrigerant-side height difference
. Air dry bulb temperature
. Air pressure

. Indicator for type of ambient condition

(a) relative humidity; or

(b) absolute humidity; or

(¢) wet bulb temperature.
The paremeter to be entered next is associated to the indicator selected

immediately above, that is, a value must me entered for the exact

parameter chosen to define ambient conditions:

. Relative humidity or absolute humidity or wet bulb temperature

Refrigerant-side pressure drop calibration factor

. Refrigerant-side heat transfer calibration factor

. Tube lenght

Tube outside diameter

Thermal conductivity of tube material
Density of tube material

Tube thickness

Indicator for insulation

(a) not insulated; or

(b) insulated.


DBD
PUC-Rio - Certificação Digital Nº 1221629/CA


PUC-RIo - Certificacdo Digital N° 1221629/CA

Chapter 5. Multi-compressor multi-evaporator direct expansion
refrigeration system 150

The parameters below are associated to insulated pipes and must only

be entered when insulation is considered:
15. Thermal conductivity of insulation material
16. Density of insulation material

17. Insulation thickness

5.4
Numerical solution and computational code

Analogously to the strategy considered for the thermodynamic models,
a computational code coupling the sub-models described was developed in
Fortran language. As previously mentioned in Section 5.2.6, thermodynamic
and transport properties of the fluids are calculated with look-up tables coupled
REFPROP 9.0 [131].

Solution of the above system of equations is component-based, follow-
ing the sequence pattern illustrated in Figures 5.12 and 5.13. It can be ob-
served that two iterative processes take place during the solution of the system
“outside” the submodels, with one of them nested inside the other. They are
associated with the determination of the condensation and evaporation tem-
peratures. The loop for obtaining the condensation temperature is repeated,
until convergence, for each evaporating temperature assumed, as represented
in Figure 5.12. A typical run of the program for a single design point simulation
takes less than one minute in an Intel Pentium Dual CPU E2200 with 2.2GHz.

In the present model, the refrigerant operating conditions are internally
determined by the thermodynamic interaction with indoor and outdoor ambi-
ent conditions. The simulation results provide the overall performance of the
refrigeration cycle in terms of a number of efficiency-related parameters, as
well as operational variables (cooling capacity, COP, EER, evaporation and
condensation temperatures). In addition, detailed results for each of the com-
ponents are presented, including local parameters and refrigerant states at inlet

and outlet of each device.

5.5
Validation

Comparison with experimental data is based on empirical results pro-
vided by Sotomayor [184] and Honeywell [185]. Both tests were conducted in
Honeywell’s Buffalo Research Laboratory (Buffalo, NY, USA) for the direct
expansion (DX) refrigeration system illustrated in Figure 5.14. The experi-

mental setup is composed of two heat exchangers of the tube-and-fin type,
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| [E1] Compute input data ‘

!

| [E2] Guess evaporating temp erature (Tav)

!

151

| [E3] Obtain pressure at evaporator outlet (P7)

A

[E4] Determine evaporator outlet (state 7), based onthe
superheating degree entered as input

[E5] Solve suctionling (state 1) and determine saturation
temperature and superheating degree at compressorinlet

| [E6] Executeflow chartin Figure 5.13

| [ET] Solve liquid line and obtain outlet condtions (state 5) ‘

'

[EB] Solve expansion device and determine enthalpy at
evaporatorinlet (hs)

|

[E9] Solve evaporatorwiththe inlet enthalpy, from E8, and
the outlet pressure, obtainedin E3

!

[E10] Calculate evaporatorinlet pressure (Ps, state §) and
new outlet enthalpy (h7=)

[E11] Testfar
COnVergence on
enthalpy at
evaporatoroutlet,
based on resufts
from E4 (h7) and
E10 (h7), within

tolerance?

MNa

| [E13] Find efficiency parameters and additional variables |

[E12] Compute new evaporating temperature | Tav*)

Figure 5.12: Computational sequence of the direct expansion model solution.

with smooth internal surfaces and wavy fins. A semi-hermetic compressor is

also part of the apparatus, with a thermostatic valve working as the expansion

device.

As it can be observed, the experimental facility presents additional

devices that were not subject of analysis in the present theoretical model.

Oil separator and receiver, flow meter, riser, accumulator and liquid receiver

are part of the setup. Despite the operation of these devices reflecting on

the behavior of the system, it is assumed, without loss of generality, that the

results from this experimental apparatus are applicable for verification of the

simulation model developed.



DBD
PUC-Rio - Certificação Digital Nº 1221629/CA


PUC-RIo - Certificacdo Digital N° 1221629/CA

Chapter 5. Multi-compressor multi-evaporator direct expansion
refrigeration system 152

[C4] Compute compressor inlet parameters, basedon ‘
results from E4 and input data

| [C2] Guess condensing temperature (Ted) ‘

| [C3] Solve compressor, obtaining mass flowrate and oufigt|
conditions (state 2) ™ [

| [C4] Solve discharge line and determine outlet (state 3)

I

[C5] Solve condenser withthe inlet state obtainedinC4

[C6] Calculate new condens eroutlet subcooling degree
(AT odsc")

[CT] Testfor
CONVENgEence on
subcooling
degree at
condenser outlet,
based on results
from C6 (ATeazc7)
and input data
(&Todsc), within
tolerance?

[C8] Compute new condensing temperature [ Toa®)

| [C9] Determine condens er outlet (state 4) |

Figure 5.13: Computational sequence of the internal loop for determining
condensing temperature.

The experimental data provided by Sotomayor [184] and Honeywell [185]
comprises detailed information for refrigerant states at inlet and outlet of the
components of the DX cycle operating with five different fluids: R22, R404A,
R407F, HDR21 and HDRSI1. Four different tests were performed for each
refrigerant, each one associated to a different indoor air ambient temperature,
in order to provide results for distinct temperature levels. Another parameter
that varies between the four tests is the superheating degree at evaporator
outlet, with all other variables, from operational (outdoor ambient temperature
and subcooling degree at condenser outlet, e.g.) to physical characteristics
of the devices, remaining constant. For R404A, two additional tests with
different values for outdoor ambient temperature were conducted in medium
temperature level. In total, twenty-two design points were available.

Another important distinction between tests in medium and low tem-
perature levels is the compressor selection. For medium temperature tests,
Copeland refrigeration compressor KAKA-020A-TAC was considered, with
power and volumetric displacement of 1491.4 W and 0.00201 m3/s, respec-
tively. In regard to the low temperature tests, Copeland’s 2DF3-0300-TFC,
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Figure 5.14: Schematic of the experimental setup for the direct expansion
refrigeration system in Honeywell’s Buffalo Research Laboratory, provided by
Sotomayor [184].

with power of 2237.1 W and displacement of 0.00714 m?/s, was selected. Per-
formance data for the semi-hermetic compression devices was provided by Hon-
eywell [185].

In that sense, two tables present the input data related to the experimen-
tal test. Table 5.1 shows the parameters which are constant for all the different
design points, encompassing physical dimensions of the components, as well as
operational variables, like subcooling degree at condenser outlet. Completing
the set of input data, Table 5.2 depicts values for the parameters that vary
between the twenty-two tests, including indoor air temperature, outdoor air
temperature and evaporator superheating degree.

Comparison of results predicted by the model with experimental data is
divided in two stages. First, a preliminary validation of the model is performed
using the empirical results provided by Honeywell [185] for the DX cycle
operating with R22. Figures 5.15 to 5.18 present the comparison between
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simulation and experimental results for the DX refrigeration system, operating

with R22 in four different temperature levels. Theoretical and empirical data

are compared, based on refrigerant states at inlet and outlet of the devices, as

well as overall parameters like power input and mass flow rate, with precentual

error and temperature difference as the main indicators.

Table 5.1: Part 1 of input data for direct expansion model

verification — parameters that remain constant for all

different design tests.

Parameter Value

Condenser subcooling degree [*C] 0.00
Number of similar compressors in parallel 1
Number of similar evaporators in parallel 1
Condenser

Air flow rate [m?/s] 1.15
Relative humidity of inlet air |-] 0.4
Fan energy input rate kW] 0.534
Outside diameter of the tubes [m)] 0.009525
Inside diameter of the tubes [m] 0.008509
Thermal conductivity of the tubes [kW/m°C| 0.393
Thickness of the fins [m] 0.0001016
Fin pitch [fins/m] 393.701
Thermal conductivity of the fins [kW/m°C] 0.221
Frontal area [m] 0.6193536
Number of tube rows in transverse direction 3
Number of parallel refrigerant circuits 4
Contact conductance between fins and tubes [kW/m?°C] 30.7
Transverse pitch [m] 0.0254
Longitudinal pitch [m] 0.022225
Number of return bends 68

Type of fins wavy, angle 10.76°
Type of tube internal surface smooth
Evaporator

Air flow rate [m?/s] 1.16
Relative humidity of inlet air |-] 0.4
Fan energy input rate [kW] 0.266
Outside diameter of the tubes [m)] 0.0095504

Continued on next page
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Table 5.1 — continued from previous page
Parameter Value
Inside diameter of the tubes [m] 0.0085344
Thermal conductivity of the tubes [kW/m°C| 0.393
Thickness of the fins [m] 0.0001016
Fin pitch [fins/m] 314.961
Thermal conductivity of the fins [kW/m°C] 0.221
Frontal area [m] 0.7838694
Number of tube rows in transverse direction 4
Number of parallel refrigerant circuits 7
Contact conductance between fins and tubes [kW /m?°C] 30.7
Transverse pitch [m] 0.0254
Longitudinal pitch [m] 0.0254
Number of return bends 49

Type of fins wavy, angle 10.76°
Type of tube internal surface smooth
Discharge line

Flow direction straight
Refrigerant-side height difference [m] 0
Air temperature [°C] 35
Air pressure [kPa] 101.422
Air relative humidity -] 0.4
Tube length [m] 13.5128
Tube outside diameter [m] 0.028575
Thermal conductivity of the tube material kW /m°C] 0.393
Density of tube material [kg/m?] 8910
Tube thickness [m] 0.001

Indicator for insulation

no insulation

Liquid line

Flow direction

Refrigerant-side height difference [m)]

Air temperature [°C]

Air pressure [kPa]

Air relative humidity -]

Tube length [m]

Tube outside diameter [m]

Thermal conductivity of the tube material kW /m°C]
Density of tube material [kg/m?]

straight
0

—26
101.353
0.4
11.4046
0.010791
0.393
8910

Continued on next page
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Table 5.1 — continued from previous page
Parameter Value

Tube thickness [m] 0.001
Indicator for insulation no insulation
Suction line

Flow direction straight
Refrigerant-side height difference [m] 0
Air temperature [°C] 35
Air pressure [kPa] 101.325
Air relative humidity [-] 0.4
Tube length [m] 2.4638
Tube outside diameter [m] 0.022225
Thermal conductivity of the tube material [kW/m°C] 0.393
Density of tube material [kg/m?| 8910
Tube thickness [m] 0.001
Indicator for insulation no insulation

With the results from the preliminary comparison, heat transfer and
pressure drop adjustment factors were evaluated, in order to provide calibration
for the simulation model, based on the experimental data for R22 in the DX
cycle. Matching values were pursued for average condensing and evaporating
temperatures, compressor suction pressure, power input and mass flow rate.
Figure 5.19 shows the sequence considered for the process of calibrating
the model. Different values for each multiplier were chosen for medium and
low temperature applications, as exposed in Table 5.3, so as to take into
consideration a possible tendency of the simulation model to produce better
results for a specific temperature level.

The second stage of the validation process consists in comparing the
results of the simulation model, now corrected with the adjustment factors, to
the experimental data provided by Sotomayor [184] and Honeywell [185]. The
empirical results used as reference are now associated with the DX refrigeration
system operating with not only with R22 as test fluid, but also with R404A,
R407F, HDR21 and HDRS8I1. Figures 5.20 to 5.23 compare results obtained with
experimental apparatus and simulation model, having considered in the latter,
as mentioned, the adjustment multipliers previously estimated and exposed in
Table 5.3. The comparison is performed in similar fashion to that of Figures
5.15 to 5.18.
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Table 5.2: Part 2 of input data for direct expansion model verification —
parameters that vary between the four different design tests.

Parameter (°C) Test R22 R404A R407F HDR21 HDRS1

#1350 35.0 35.0 35.0
#2 350 35.0 35.0 35.0

Outdoor ambient temperature #3  35.0 35.0 35.0 35.0

#4350 350 350  35.0
#5 — 267 — —
46  — 267 — —
#1 10 10 10 10
#2 1.7 1.7 1.7 1.7

Indoor ambient temperature

45 10 — —
46— 17 — —

#1556 600 415  3.92
#2533 539 3890  3.70
#3540  6.02 541  6.00
44 257 238 403 473
#5  —  6.06 — —
#6  — 6.9 — —

#1 418 41.1 42.8 40.1
#2  40.0 39.1 41.0 40.6
#3421 41.1 42.2 41.6
#4  40.1 39.2 40.4 39.7

Superheating degree

Guess for condensing temp.

#5 — 347 — —
#6 — 328 — —
#1 34 3.4 2.6 1.4
#2  —45 35 54  —46

Guess for evaporating temp.

#5  —  —26 @ — —
#6 —  —43  — —

35.0
35.0
35.0
35.0

10
1.7

#3 -178 -178 -—-178 —-178 —17.8
#4 =261 -26.1 —-26.1 —26.1 —26.1

3.56
3.56
4.94
2.83

42.6
40.8
42.3
40.5

3.0
—4.7

#3 —-24.0 =234 =242 242 246
#4 =304 -298 =318 =316 —31.1

As it can be observed in Figure 5.21(b), the percentual error between sim-
ulation results and experimental data for evaporator outlet pressure did not
exceed 7.9%. Figures 5.22(b) and 5.23(a) show that relative discrepancy be-
tween experimental and predicted values for pressure at compressor discharge
and expansion device inlet are, respectively, within the —6.6 to 0.2% and —5.7
to 0.8% ranges. Regarding refrigerant pressure at condenser inlet and outlet,
discrepancies lie within ranges —6.1 to 0.8% and —6.1 to 3.4%, Figures 5.20(a)
and 5.20(b), respectively.

When comparing the compressor suction pressure obtained with exper-
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Relative error for pressure at condenser inlet

®R22 MT R22,LT

Rehtive error (34)
=)

1500 1550 1600 1650
Pressure at condenser inlet (kPa)

5.15(a): Condenser inlet pressure

Relative error for pressure at condenser outlet

+R22,MT R22,LT

Reltive error (34)
=)

1500 1550 1600 1650
Pressure at condenser outlet (kPa)

5.15(b): Condenser outlet pressure

Temperature difference at condenser outlet
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5.15(c): Condenser outlet temperature

Figure 5.15: Part 1 of comparison between direct expansion system simulation
and experimental results, before applying the adjustment multipliers. Test data
was provided by Honeywell [185] for DX refrigeration system operating with
R22 in both medium and low temperature levels.
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Relative error for pressure at evaporator inlet
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5.16(a): Evaporator inlet pressure
Relative error for pressure at evaporator outlet
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5.16(b): Evaporator outlet pressure
Temperature difference at evaporator outlet
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5.16(c): Evaporator outlet temperature

Figure 5.16: Part 2 of comparison between direct expansion system simulation
and experimental results, before applying the adjustment multipliers. Test data
was provided by Honeywell [185].
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Relative error for pressure at compressor suction
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5.17(a): Compressor suction pressure
Relative error for pressure at compressor discharge
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5.17(b): Compressor discharge pressure
Relative error for compressor power consumption
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5.17(c): Compressor power consumption

Figure 5.17: Part 3 of comparison between direct expansion system simulation
and experimental results, before applying the adjustment multipliers. Test data
was provided by Honeywell [185].
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Relative error for pressure at expansiondevice inlet
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5.18(a): Expansion device inlet pressure
Temperature difference at expansion device inlet
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5.18(b): Expansion device outlet temperature
Relative error for mass flow rate
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5.18(c): Mass flow rate

Figure 5.18: Part 4 of comparison between direct expansion system simulation
and experimental results, before applying the adjustment multipliers. Test data
was provided by Honeywell [185].
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Apply heattransfer coefficient and pressure drop
calibration factors forthe condenserrefrigerant side,
to match average condensing temperature

h J

Apply heattransfer coefficient and pressure drop
calibration factors forthe evapaorator refrigerant side,
to match average evaporating temperature

h J

Apply pressure drop calibration factorforthe suction
line refrigerant side, to match compressorsuction
pressure

L

Apply compressar mass flow rate calibration factaor,
to match refrigerant mass flow rate

4

Apply compressor powerinput calibration factor, to

162

match energy consumption

Figure 5.19: Sequence of steps followed to determine adjustment multipliers
for the direct expansion cycle, based on experimental data.

Table 5.3: Values for simulation model adjustment multipliers in medium and

low temperature applications.

Calibration factor MT LT
Condenser heat transfer 0.75 0.75
Condenser pressure drop 1.13 1.23
Evaporator heat transfer 1.25 1.25
Evaporator pressure drop  0.75 0.75
Suction line pressure drop  1.25 1.25
Compressor mass flow rate 0.76 0.80
Compressor power input 1.23  1.20

imental and simulation models, relative errors between 11.2 and 15.4% were

verified for low temperature applications, whilst in medium temperature lev-

els the discrepancy did not exceed 7.9%, Figure 5.22(a). A similar trend is

observed for the pressure at evaporator inlet, Figure 5.21(a): in low tempera-

tures, percentual errors lie between —14.4 and 0.3%, whereas lower and upper

bounds are, respectively, —0.1 and 3.0% for medium temperature levels. Such

results indicate that, for most refrigerants, the model predicts worse results

for low temperature applications. A number of factors may influence this large
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discrepancy. They include the range of application of heat transfer and pres-
sure drop correlations, which better represent physical process, apparently, in
medium temperature levels.

For comparison of refrigerant temperature at evaporator outlet, exper-
imental and theoretical values differ of less than 1.8°C, with only one test
point for R404A in low temperature presenting 3.1°C of temperature differ-
ence, Figure 5.21(c). When the condenser exit temperature is considered, rela-
tive discrepancies between predicted and experimental results are more widely
distributed, ranging from 0.0 to 2.6°C, Figure 5.20(c). Lower and upper bounds
of the temperature discrepancy between experimental and theoretical models
were of —2.0 and 2.2°C, respectively, at the expansion device inlet in medium
temperature. In low temperature levels, differences can go up to 5.3°C, which
reafirms the model ability to produce better predictions for medium tempera-
ture applications.

Analysing the results for compressor energy consumption, the percentual
discrepancy between simulation results and experimental data varies between
—3.1 to 5.7%. Errors of great magnitude were found in the refrigerant mass
flow rate predictions, with discrepancy within the —17.3 and 17.4% range. It
should be noted, as previously mentioned, that a few existing components in
the experimental setup were not taken into account in the modeling effort,
which may have affected the mass flow rate predictions. Further, compressor
and expansion device modeling may require some improvement, as both
components affect significantly the value of refrigerant mass flow rate. Suction
pressure also presented prediction errors of a somewhat large magnitude,
although it is not clear if it would be a cause or consequence in the refrigerant
mass flow rate prediction.

Finally, it should be stressed that, for LCCP calculation purposes, which
is the main goal of this study, the most relevant parameter is the compression
power consumption, whose discrepancy magnitude did not exceed 6%. One can
conclude that the model, in its present form, is an useful tool for the prediction

of environmental impact of commercial DX refrigeration systems.


DBD
PUC-Rio - Certificação Digital Nº 1221629/CA


PUC-RIo - Certificagéo Digital N° 1221629/CA

Chapter 5. Multi-compressor multi-evaporator direct expansion
refrigeration system 164

Relative error for pressure at condenser inlet
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5.20(a): Condenser inlet pressure
Relative error for pressure at condenser outlet
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5.20(b): Condenser outlet pressure
Temperature difference at condenser outlet
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5.20(c): Refrigerant temperature at condenser outlet

Figure 5.20: Part 1 of comparison between direct expansion system simulation
and experimental results, after applying the adjustment multipliers. Test data
was provided by Sotomayor [184] and Honeywell [185] for DX refrigeration
system operating with R22, R404A, R407F, HDR21 and HDRS&1 in both
medium and low temperature levels.
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Relative error for pressure at evaporator inlet
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5.21(a): Evaporator inlet pressure
Relative error for pressure at evaporator outlet
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5.21(b): Evaporator outlet pressure

Temperature difference at evaporator outlet
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5.21(c): Refrigerant temperature at evaporator outlet

Figure 5.21: Part 2 of comparison between direct expansion system simulation
and experimental results, after applying the adjustment multipliers. Test data
was provided by Sotomayor [184] and Honeywell [185].
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Relative error for pressure at compressor suction
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5.22(a): Compressor suction pressure
Relative error for pressure at compressor discharge
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5.22(b): Compressor discharge pressure
Relative error for compressor power consumption
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5.22(c): Compressor power consumption

Figure 5.22: Part 3 of comparison between direct expansion system simulation
and experimental results, after applying the adjustment multipliers. Test data
was provided by Sotomayor [184] and Honeywell [185].
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Relative error for pressure at expansion device inlet
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5.23(a): Expansion device inlet pressure
Temperature difference at expansion device inlet
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5.23(b): Refrigerant temperature at expansion device outlet

Relative error for mass flow rate
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5.23(c): Mass flow rate

Figure 5.23: Part 4 of comparison between direct expansion system simulation
and experimental results, after applying the adjustment multipliers. Test data
was provided by Sotomayor [184] and Honeywell [185].
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