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ABSTRACT 

For the pure or azeotropic refrigerants typically used in 
present air conditioning and refrigeration applications, the 
refrigerant changes phase at a constant temperature. Thus, the 
refrigerant circuiting arrangement such as crossflow, 
counterflow, or cross-counterflow, has no effect on the thermal 
performance. For zeotropic refrigerant mixtures, however, the 
phase-change occurs over a temperature range, or “glide”, and 
the refrigerant circuiting arrangement, or flow path through 
the heat exchanger, can sect  the thermal performance of 
both the heat exchangers as well as the overall efficiency of the 
vapor compression cooling cycle. The effects of two merent 
circuiting arrangements on the thermal performance of a 
zeotropic refrigerant mixture and an almost azeotropic 
refrigerant mixture in a four-row cross-counterflow heat 
exchanger arrangement are reported here. 

The two condensers differ only in the manner of circuiting 
the refrigerant tubes, where one has refrigerant always flowing 
downward in the active heat trander region (“identical 0rdeP) 
and the other has refrigerant alternating flow direction in the 

active heat transfer region (“inverted order”). All other 
geometric parameters, such as face area, fin louver geometry, 
refrigerant tube size and enhancement, etc., are the same for 
both heat exchangers. One refrigerant mixture (R-41OA) 
undergoes a small temperature change (“low glide”) during 
phase change, and the other refrigerant mixture (a multi- 
component proprietary mixture) has a substantial temperature 
change (“high glide”) of approximately 10°C during the phase 
change process. 

The overall thermal conductance, two-phase conductance, 
and pressure drop are presented For the flow conditions of 
these tests, which are representative of residential cooling 
conditions, inverted order circuiting is more desirable than 
identical order. The potential thermal advantages of the 
identical order arrangement for high-glide zeotropic 
refrigerant mixtures are negated by the increased parasitic 
refrigerant-side pressure drop unfortunately resulting from 
fabrication requirements of the identical order circuiting. 
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INTRODUCTION 
This study was initiated to support efficiency improvement 

investimons of vapor-compression machinery with the use of 
high-glide refrigerant mixtures. A theoretical efficiency 
improvement results in large part from a close match of the 
refrigerant temperature profile to the air temperature profile 
@idion and Bivens, 1989). A significant increase in 
thermodynamtc cycle efficiency over pure refrigerants has been 
demonstrated with water-to-refrigerant heat exchangers for 
zeotropic refrigerant mixtures (Vineyard et al, 1993, m e i d  
et al., 1990). Because of the approximately equal thermal 
conductance for the refrigerant and the water sides, the heat 
exchangers used by Vineyard et al. (1993) were simple 
concentric tube-in-tube designs. Because most vapor- 
compression cycle air-conditioners and heat pumps use air-to- 
refrigerant heat exchangers where the refrigerant side thermal 
conductance is up to 5-10 times greater than that ofthe air- 
side, this study was initiated to investigate the &&$ of 
refrigerant circuiting on the overall thermal conductance in a 
cross-counterflow condenser. 

A common air-to-refrigerant heat exchanger design is 
called “tube-and-fin.” This design consists of stacking thin 
sheets of metal, usually aluminum, over tubes, usually copper, 
so that air flows between the thin metal sheets at right angles 
to the refrigerant flowing inside the tubes. A sketch of this 
general concept is shown in Fig. 1. The air-side is usually 
enhanced by interrupting the air-side boundary layer in some 
khion, commonly by louvers cut into the thin metal. 

\ 

Figure 1 Tube-and-fin heat exchanger segment 
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constant temperature, which is typical of existing applications, 
the circuiting arrangement has no effect on the temperature 
distriiution and the exact circuiting may vary depending on 
such parameters as desired heat load or allowable pressure 
drop. Because the phase-change is non-isothermal for high- 
@de refrigerant mixtures, and circuiting arrangement does 
affect the temperature distribution of a heat exchanger, this 
work was initiated to measure the &ect of refrigerant 
circuiting on heat exchanger performance with high-glide 
zeotropic refrigerant mixtures. Because Rice (1993) asserts 
that counterflow circuiting, where the refrigerant flows in the 
general direction opposite to that of the air, must be used in 
order to achieve the potential efficiency gains of using high- 
glide refrigerant mixtures, only cross-counterflow heat 
exchangers are considered here. 

For the tube-and-fin heat exchangers used here, which 
have a design typical d existing air conditioning and 
refrigeration applications, the refrigerant inside the tubes is 
considered to be “mixed” at a given flow position and the air 
outside the tubes is considered to be ‘kunked.” Mixed flow is 
defined as having a uniform temperature normal to the flow 
direction and unmixed flow is defined as having a non- 
uniform temperature profile nonnal to the flow direction. The 
circuiting of the tubes carrying the mixed fluid will have an 
effect on the mean outlet temperature because the unmixed 
fluid temperature distribution from any one row will propagate 
to the next row at the same position normal to the unmixed 
flow direction. 

There are two circuiting arrangements investigated: 
identical order and inverted order. The tube end connections 
for identical order are shown in Fig. 2. The double solid lines 
represent a tube connection on one end of the heat exchanger, 
and the single dotted line represents the tube connection on the 
other end At the end of the last refrigerant tube in a row 
shown in Fig. 2, a relatively long tube connects with the first 
tube in the next row. For this identical order condenser, the 
refrigerant effectively flows in the same direction (downwards) 
in the active heat transfer region of the heat exchanger. 

The tubes must be connected to each other at the ends in 
some manner (or circuited) so that the reftigerant inside the 
tubes flows continuously from the inlet to the outlet. For pure 
or azeotropic refrigerant mixtures that change phase at a 

AIR 
t 

FLOW 

Figure 2 Identical order circuiting 
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The tube end connections for inverted order are shown in 
Fig. 3. For inverted order, the refrigerant alternates flow 
direction from one row to the next in the active heat transfer 
region, i.e., the flow changes from upward to downward then 
upward again as the flow travels from one row to the next. 
Simple 180' return bends are used to connect one row to the 
next and all brazing can generally be &ne on only one side of 
the heat exchanger. This makes the inverted order 
arrangement generally less expensive and easier to fabricate on 
production lines than the identical order heat exchanger. 
Because the heat exchanger circuiting arrangement doesn't 
matter for isothermal phase-change reftigerants, this lower 
cost is most likely the reason that inverted order heat 
exchangers are commonly used in direct expansion 
rekgeration machinery. 

REFRIGERANT 
INLET ~3 Q RE3ERANT 

AIR 
f-- 

FLOW 

Figure 3 Inverted order tube connections 

An "ideal" heat exchanger for zeotropic refrigerant 
mixtures would have a counterflow arrangement and have a 
capacity rate ratio of unity Nce,  1993) where the capacity rate 
is the product of the mass flow rate and the specific heat. A 
unit capacity rate ratio implies equal temperature changes in 
both fluids across the heat exchanger. One important 
parameter for heat exchanger thermal performance is the 
effectiveness which is defined as the ratio of the actual heat 
transferred to the maximum heat that could possibly be 
transferred (Kays and London, 1984). Another parameter of 
interest for heat exchangers is the of Number of Transfer Units 
0, defined as the ratio of the overall thermal conductance 
(UA) to the minimum capacity rate (Kays and London, 1984). 
The NTU can be thought of as a dimensionless size of the heat 
exchanger. The effectiveness ofa heat exchanger is generally a 
function of the NTU, capacity rate ratio, and the flow 
geometry. 

The effectiveness of Merent heat exchanger 
arrangements were computed as a function of NTU and are 
presented in Fig. 4. The relationships presented by Stevens et 
al. (1957) were used for the two and three row cross- 
counterflow heat exchangers with inverted and identical order, 
and the relationships presented by Kays and London (1984) 

w r e  used for counterflow and crossflow heat exchangers. As 
shown in Fig. 4, the identical order arrangement can yield a 
higher temperature effectiveness than the inverted order for 
qual NTU, or alternatively, the identical order heat exchanger 
will have an effectiveness closer to counterflow than the 
inverted order arrangement for equal NTU and number of 
mws. This effectiveness increase is due to the more uniform 
air temperature distribution internal to the heat exchanger that 
occurs in the identical order arrangement. This investigation 
was undertaken to investigate the performance of differing 
Iiefrigerant tube circuiting to predict and to measure the 
thermal performance of Mering heat exchanger circuitings 
&r applicability to zeotropic refrigerant mixtures. As also 
shown in Fig. 4, one-row crossflow has a markedly lower 
effectiveness than any other presented arrangement, and is 
generally undesirable for zeotropic refrigerant mixtures. 

a7 - 

M -  

os - 
r : :  
5 0 4 1  

m 8 :  
a t -  

.-.- -.-.. 3 rowimwled order __..____. 2 mwklsn(lcat order ---- 2 rowlnnr(ed order -_-_- 1 rowcrorrllow 

a* 

I , I I t , . , , ,  

9 1 3 
OD 

Number of Transfer UnVa (mv) 

Figure 4 Effectiveness of differing heat exchanger 
arrangements 
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EXPERIMENTAL DESC RI PTlON 
The condensers investigated here were of a tube-and-fin 

design typical of heat exchangers presently used in vapor- 
compression air conditioning machinery. The internally rifled 
tubes have a 7.9 mm (5/16 inch) nominal diameter before 
expansion and are made of copper. The aluminum fins have a 
knced louver design. The heat exchanger face dimensions are 
483 mm (19 inch) high and 546 mm (21.5 inch) wide. The fin 
density was 472.4 fins per meter (12 fins per inch). There were 
two refiigerant circuits with four rows oftubes. The transverse 
pitch of the tubes is 25.4 mm (1.0 inch), and the longitudinal 
pitch is 15.8 mm (5/8 inch) with a staggered tube 
arrangement. 

The thermal performance was measured in a test 
apparatus having independently variable air and refrigerant 
flow conditions. A variable speed blower provided air, heated 
to a specified temperature of 35°C (95OF) at the inlet air face 
ofthe condenser. Superheated refrigerant at various flow rates 
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was provided to the condenser inlet at 93.3"C (200°F) by a 
refrigerant conditioning apparatus. This refrigerant 
conditioning apparatus receives liquid refrigerant ftom the 
condenser outlet, cools the liquid to increase the subcooling 
mEciently for the variable speed vane pump to increase the 
pressure, then heats the refrigerant to the specifled 
temperature. Because liquid is pumped, there was no lubricant 
and all presented data represent the effects uf refrigerants 
without the confounding effect of lubricants. 

Two refrigerant mixtures were used in this study R-41OA 
(R-32/R-125,50/50) and QS, which is a proprietary mixture of 
refi-igerants having a two-phase temperature change ("glide") 
of approximately 10°C at the condenser operating pressure of 
3.3 MPa (478 psia). R-410A is a near azeotropic mixture 
having a less than 0.5"C temperature change for the *phase 
region at a pressure of 3.7 Mpa (533 psia). During the tests, 
the additional saturation temperature change due to pressure 
drop was on the order of 1 "C for both refrigerant mixtures. 

For all tests, the inlet pressure was set to 3.3 MPa for QS 
and 3.7 MPa for R-410A The speed of the bloww was set to 
different speeds to cover a desired range of capacity, and for 
each blower speed, the speed of the refrigerant pump was 
varied to obtain a liquid outlet temperature close to 36.3"C 
(97.5"F). These refrigerant conditions were chosen to mirror 
refi-igerant flow and pressure conditions measured in a 
packaged air conditioner with these refrigerants. The resultant 
air-side temperature change was 155°C (28°F) for all test 
conditions. 

ANALYSIS 
The results of this investigation are presented here in the 

form of thermal conductance (the product of the overall heat 
transfer coefficient and the area, or UA) and the measured 
pressure drop. A typical temperature profile for a zeotropic 
refi-igerant mixture is shown in Fig. 5. The condenser is 
segmented into three regions: the superheat (SH), the two- 
phase, and the subcooled (SC). A pure refrigerant, or 
azeotropic mixture, would have a zero slope for the refrigerant 
in the two-phase region. Because only the heat exchanger inlet 
and outlet temperatures for both the air and the refrigerant 
were measured, the temperatures at the internal portions were 
calculated based on a heat balance in the single-phase regions. 
The refrigerant temperatures internal to the condenser were 
those calculated by using the REFPROP program of McLinden 
et al. (1998) for saturated vapor and liquid refkippint at the 
measured inlet and exit pressures. The corresponding internal 
air temperatures were those appropriate for the heat load in 
each region. 

The overall thermal conductance is calculated fkom the 
measured temperatures and flow rates in the following 
manner: calculate the temperature effectiveness and capacity 
rate ratio, compute the NTU, and calculate the conductance. 
The conductivity is calculated in each of the three regions, 
then summed for the total conductivity. 

SH sc 

POSITION 
Figure 5 Zeotropic refrigerant temperature profile 

The effectiveness of each of the three heat exchanger 
subdivisions is calculated as defined by Kays and London 
(1984). The effectiveness has the general form of 

where AT,,, is the maximum possible temperature difference 
between the two fluids. For al l  the experimental tests, the 
minimum capacity rate occurred on the refrigerant side in the 
superheated and subcooled regions and on the air-side in the 
two-phase region. 

As sketched in Fig. 5,  the effectiveness in each of the three 
regions is 

m m  

m m  

m m  

(3) 

(4) 

Another dimensionless grouping of interest for heat 
exchangers is the Number of Transfer Units 0, defined by 
Kays and London (1 984) as 

UA NTU=- 
cmin  

where the numerator is the thermal conductance and the 
denominator is the minimum capacity rate of the two fluids. 
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The NTU is a dimensionless size of the heat exchanger. The 
thermal conductance is of interest, because it is a measure of 
how well the heat exchanger is transferring heat. 

Many authors present functional relationships between 
effectiveness and NTU for a large number of heat exchanger 
designs as a function offlow conditions for the number of rows 
and other geometrical arrangements. For the purposes of 
comparison, the single-phase regions are assumed to occur in 
one row of the four row condensers. Thus, for the subject four 
row condensers, two rows are assumed for the *phase 
region. For this study, the relationship between NTU and 
effectiveness for a one-row crossflow heat exchanger (Kays 
and London, 1984) is used for the single-phase regions, and 
the relationships between NTU and effectiveness for two-row 
cross-counterflow heat exchangers having identical and 
inverted order circuitings (Stevens et al., 1957) are used for the 
two-phase region. 

One assumption used for these effectiveness-NTU 
relationships is that the specific heat is constant during the 
phase-change process. QS, however, has a non-linear enthalpy- 
temperature relationship in the two-phase region, so the 
effective specific heat in the two-phase region is not constant. 
Granryd and Conklin (1990) show that effectiveness in 
counterflow heat exchangers can be affected by this non-linear 
enthalpy-temperature behavior. This non-linear behavior of 
QS, however, is not strong. Also the objective here was to 
compare the performance of two different circuitings with QS, 
so the effectiveness-NTU relationships with a constant specific 
heat were considered sufficiently accurate for this objective. A 
more refined derivation of the crossflow and cross-counterflow 
effectiveness-NTU relationships to consider the e f f i  of 
variable specific heat should be done if increased accuracy is 
desired. 

After calculating the NTU for each of the three 
subdivisions given the effectiveness calculated from the 
appropriate temperatures, the thermal conductance in each 
region is individually calculated, then summed to give an 
overall thermal conductance for the entire condenser. 

KO- 

RESULTS 
The measured thermal performance of two condensers is 

presented as a function of heat load for the two different 
refi-igerant mixtures in the two Merent refrigerant circuitings. 
The overall thermal conductance measured for both condenser 
circuitings and for both refrigerants is shown as a function of 
capacity in Fig. 6. The thermal conductance presented here is 
the total thermal conductance; the sum of the thermal 
conductance in the superheated, two-phase, and subcooled 
regions of the condensers. Based on a propagation of errors 
technique (Kline and McClintock, 1953), the uncertainty of 
the thermal conductance in the superheated region is 1.0 
W/"C, the uncertainty of the thermal conductance in the two- 
phase region is 5.1 W/"C and the uncertainty of the thermal 
conductance in the subcooled region is 11.6 W/"C. Thus, the 
total uncertainty is 17.7 W/"C. 

TwoPhnse Reglon onlymennal ConduEtuve ...?. 

-0- .... * .... 
.-.+ 

'* Ii FwRowConden?er 

inverted order, R41OA 

Inverted order, Q8 

identical order. R41OA 
idenfkai order. Q8 

CaPpdty (w 
Figure 6 Measured total conductance 

As shown in Fig. 6, the highest measured thermal 
conductance is for the inverted order condenser using R- 
410A. The thermal conductance of R-410A in the identical 
order condenser is lower than the inverted order for the 
capacity range. For QS, also, the inverted order condenser has 
a slightly higher total thermal conductance than the identical 
order condenser over the capacity range. All total 
conductances shown in Fig. 6, however, are within the 
experimental uncertainty. 

Because the majority of the heat is transferred in the two- 
phase region, the thermal conductance in the twephase region 
is of interest. Fig. 7 shows the two-phase thermal conductance 
as a function of the two-phase capacity. 

E 

xu ~ " ~ ~ ' " " ~ ~ ' ~ ' ' ~ ' ~ ~ ~ ' ~ ~ ~ ~ " '  

M i s e  Heat Load (Irw) 

Figure 7 Two-phase thermal conductance 

The -phase thermal conductance for both refrigerants 
in the inverted order heat exchanger is essentially the same, 
and within the experimental uncertainty of 5.1 W/"C. Hence, 
as a function of heat load, the thermal performance of the two 
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refrigerant mixtures is essentially equivalent in the inverted 
' order heat exchanger. The thermal performance of the 

identical order condenser in the Wphase  region, however, is 
lower than the inverted order, and noticeably lower for R-410A 
than QS. This degradation in the identical order two-phase 
performance is most likely due to increased pressure drop. 

The total pressure drop was also measured during the 
tests, and is presented in Fig. 8. The enthalpy change from 
saturated liquid to saturated vapor per unit mass of QS is 
approximately 20% higher than that of R-4104 so a higher 
mass flow rate of R-410A wouldbe needed to achieve the same 
capacity as QS. Because the heat load is the parameter of 
interest for this study, the pressure drop is plotted as a function 
of capacity in order to compare the results of the two 
refiigerants. The experimental uncertainty of the transducer 
directly measuring the pressure drop is k1.7 kPa (0.25 psi). 

As shown in Fig. 8, the identical order condenser has a 
pressure drop approximately 6% higher than that of the 
inverted order condenser for both refiigerant mixtures at the 
high flow conditions. This higher pressure drop measured for 
the identical order circuiting is most likely caused by the 
additional length in the tubes connecting one row to the next. 
These identical order tube connectors are much longer (254 
mm [lo inch]) than the short tube elbows (50.8 mm [2.0 inch]) 
for the inverted order. Because of the length differences, the 
identical order circuited condenser has more pressure drop. 
Additionally, this increased pressure drop does not occur in the 
active heat transfer region of the heat exchanger, so it is very 
parasitic on the performance of the identical order heat 
exchanger. 

DISCUSSION 
Because the air-side geometry and materials were identical 

and the refrigerant sides differed only in the circuiting 
arrangement, the results compared here represent only 

refligerant-side effects on the total thermal conductance and 
pressure drop. From Fig. 6, one may conclude that the total 
conductance of the heat exchangers for these two refrigerant 
mixtures under the specific conditions of this study is 
unaffected by the refrigerant circumstances. For the specific 
flow circumstances of this study, QS was expected to have a 
lower refrigerant side heat transfer coefficient due to two 
effects of thermophysical properties and flow conditions. The 
thermal conductivity of QS is lower than that of R-410A, and 
the dynamic viscosity of QS is higher than that of R-410A 
These property variations, coupled with the higher mass flow 
rate of R-410A at equal capacities, should result in R-410A 
having a higher heat transfer coefficient than QS. A lower heat 
transfer coefficient for QS was also expected due to a heat 
transfer degradation in zeotropic mixtures (Kedzierski et al., 
1992). For these heat exchangers with these refrigerants used 
in this study, however, the air-side heat transfer characteristics 
must obviously dominate the refrigerant side. 

To show the relative thermal performance of the three 
sections of the condenser, a plot of the temperature profile as a 
function of the heat load fraction of the total capacity is 
presented in Fig. 9. This temperature profile is from the 
highest capacity tested in the inverted order condenser, but it is 
representative of all the tests. Fig. 9 shows that less heat is 
transferred for QS in the superheat and subcooled regions as 
compared to R-410A. Less heat, however, is transferred for R- 
410A then Q8 in the two-phase region. 

Because the total conductance is determined by the desired 
capacity, the conductance for each of the three condenser 
regions is distributed to support the appropriate heat load in 
each region. A scatter plot of the ratio of the heat transfer 
region conductance to the total conductance for all the tested 
configurations is presented in Fig. 10. For all tests, the 
superheat and subcooled regions have more conductance for R- 
410A than QS, and the tw+phase region has more 
conductance for QS than R-4 1 OA 
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Note that as the capacity increases, the two-phase 
conductance fraction increases, the subcooled conductance 
fraction decreases, and the superheat fraction remains 
essentially constant. This increase in the *phase region and 
the decrease in the subcooling for the higher flow conditions is 
due to the pressure drop increase causing an decrease in the 
saturated liquid temperature. 

CONCLUSIONS 
When choosing a heat exchanger for any particular 

application, many parameters must be considered. One 
significant parameter is cost, another is how the heat 
exchanger affects overall system performance. For the flow 
conditions of these tests, which are representative of residential 
cooling conditions, the choice between inverted and identical 
order is clear: the inverted order condenser has a higher 
thermal conductance, lower pressure drop, and would be less 
expensive to manuEacture in production. The potential thermal 
advantages of the identical order arrangement for high-glide 
zeotropic refrigerant mixtures are negated by the increased 
parasitic refrigerant-side pressure drop unfortunately resulting 
from fabrication requirements of the identical order circuiting. 
For other conditions, such as higher air flows having higher 
NTU or higher glides, an analysis of the circuiting order and 
overall system performance should be done for the particular 
circumstances of interest. 
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