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ABSTRACT

The study of the performance of high-efficiency heat pump systems has been a hot issue of general interest in the
field of heat pump air conditioning. For the designed and developed two-stage casing tandem heat exchanger of heat
pump system, the 3D finite volume method and the realizable k-¢ model are used to numerically analyze the influence
law of inlet fluid temperature and flow velocity on the overall heat transfer coefficient as well as the Nussle number of
inner and outer tubes. The results show that decreasing the inlet water temperature or increasing the inlet refrigerant
temperature can improve the overall heat transfer performance; Nu, increases with the increase of water and refriger-

ant flow rates, while Nu,, increases with the increase of water flow rate but decreases with the increase of refrigerant

flow rate; Nu;, and Nu,, both increase with the decrease of water temperature or refrigerant temperature increases.
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1. Introduction

As one of the main components of a heat pump system, the cased
heat exchanger directly determines the performance of the heat pump
air conditioning system. With the increasing demand for developing and
improving the efficiency of heat exchangers, it is important to improve
the heat transfer efficiency of heat exchangers, which has a guiding
impact on the cycle performance of heat pump air conditioning sys-
tems''. Researchers have conducted a lot of theoretical analyses and
experimental studies on the simulation modeling, optimization of de-
sign parameters and practical applications of casing-type heat exchang-
ers, which have contributed to the improvement of the overall perfor-
mance of casing-type heat exchangers®*!.

Ren et al'*! optimized the design of multi-casing heat exchanger
and compared the analysis of single-casing heat exchanger, the heat
transfer coefficient of multi-casing casing type heat exchanger has been
greatly improved. Liao" used CFX simulation software to analyze the
fluid velocity and temperature distribution of cased heat exchangers
with different internal diameters and compared the heat transfer coeffi-
cients under different operating conditions, pointing out that the heat
transfer effect of casing increases gradually with the increase of eccen-
tricity. Zhang et al'® conducted an experimental study on the heat
transfer characteristics of mixed mass R417a in a spiral casing heat ex-
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changer under different operating conditions,
pointing out that the heat transfer coefficient de-
creases continuously with the increase of condensa-
tion temperature, and the local condensation heat
transfer coefficient shows an increasing pattern with
the increase of dryness. Lv er al.l”) investigated the
effect of different CO, mass flow rates, inletpres-
sure and cooling water temperature on the flow heat
transfer characteristics of a triple casing gas cooler,
and the results showed that the heat transfer coeffi-
cient and the heat exchange rate showed a trend of
increasing and then decreasing with the increase of
mass flow rate. Ma et al.™™ studied the variation of
heat transfer coefficient of evaporative condensa-
tion in terms of heat flow density, air volume and
water flow, and gave the minimum air and water
volume distribution. Chen and Gan'” dynamically
evaluated the heat exchanger performance of the
casing heat exchanger at different high temperature
fluid temperatures to study the temperature varia-
tion distribution law.

Colorado-Garrido et al"” studied the fluid
characteristics and heat transfer performance of a
vertical spiral casing evaporator, where the in-
tra-tube pressure and annular temperature were the
two important parameters determining the outlet
temperature increase. Wu et al"" conducted an ex-
perimental study of pressure drop and heat transfer
in a spiral tube heat exchanger using nanofluid,
which was not significantly enhanced by the
nanofluid. Elattar et al.m], Fouda et al'™ studied
the heat transfer performance of a multi-tube spiral
tube heat exchanger under turbulent flow conditions
and analyzed the effect of flow parameters and
structural parameters on the thermal, hydrodynamic
characteristics of the spiral tube heat exchanger.
The comparison between the multi-tube spiral tube
heat exchanger and the straight tube heat exchanger
shows that the multi-tube spiral tube heat exchanger
has better thermal performance and the maximum
value of the combined thermo-hydraulic perfor-
mance factor occurs at N = 3.

There are few studies on the flow heat transfer
characteristics of the two-stage spiral casing heat
exchanger connected by straight pipe sections. The
effect of structural parameters on the flow heat
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transfer performance of heat exchangers, the effect
of structural parameters and inner and outer tube
flow rates on the overall heat transfer coefficients,
e-NTU, pump work and pressure drop, combined
thermohydraulic performance factors and inner and
outer tube Nusselt number were previously dis-
cussed by this group[14], and the preliminary ex-
perimental studies showed that this structure heat
exchanger has better heat transfer efﬁciency[ls’w].
This study aims to further reveal the influence of
flow parameters on the heat transfer performance of
a two-stage spiral casing heat exchanger, and the
results will provide theoretical guidance for effi-
cient heat exchanger operation in heat pump sys-
tems.

2. Numerical model
2.1 Physical model

The physical model of a two-stage spiral cas-
ing heat exchanger and its internal and external tube
structure characteristics are given in Figure 1.

50.0

(a) Physical model of the two-stage spiral casing heat exchang-
er

-— Quter tube
Inner tube

d Sohd surface

(b) Structural characteristics of the inner and outer tubes
Figure 1. 3D structure parameter schematic of two-stage heli-
cally coiled heat exchangers.



The tests were conducted under counter-flow
conditions, where cold water flowed in the annular
region of the casing with an inlet temperature of
299.0 K and HFC125 refrigerant flowed in the in-
ternal tube with an inlet temperature of 259.3 K.
The number of internal tubes of the casing heat ex-
changer was three and symmetrically distributed.
The spiral casing structure parameters considered in
this study were a spiral diameter length of D =
150.0 mm and a spiral pitch of H = 22.5 mm, where
the inner tube inner diameter was taken as di, = 6.0
mm, the inner tube outer diameter as di, = 7.0 mm,

and the outer tube diameter as d = 19.0 mm"*,

2.2 Numerical methods

The 3D control equations for turbulence and
heat transfer in a heat exchanger can be written in
tensor form in the Cartesian principal system, for
numerical simulations, it is necessary to consider
the assumptions:

1. The flow is considered to be stable, in-
compressible.
il. The inlet flow is used as the overall mass
flow.
ii. The physical parameters of flow and heat

transfer are considered to be constant.
Continuity equation:
%
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The boundary conditions are set as velocity
inlet boundary for the inlet and pressure
the outlet. For the heat
fer between the inner and outer tubes of the heat

let boundary for

exchanger, the thermal conductivity of the solid
walls is also considered and the adiabatic conditions
are used for the exterior of the heat exchanger.

2.3 Numerical calculations

The numerical simulation software used in this
paper is FLUENT 15.0, and the achievable k-¢ tur-
bulence model is used to predict the flow and heat
transfer because it can accurately predict the bend-
ing and vortex flow compared to other k-¢ turbu-
lence models, and also has superior performance in
terms of computational time!"*!. The velocity, pres-
sure and temperature variables are calculated by the
finite volume method, and the coupled velocity and
pressure problem is solved by the PISO algorithm,
with the pressure equations discretized in sec-
ond-order format and the momentum and energy
equations discretized in second-order windward
format, with the residuals of continuity and energy
107 and 10°. The computational domain is divided
with uniform grids, and to ensure the accuracy of
the solution and save computational time, the com-
putational domain is first meshed with six mesh
scales of 0.599 x 10° 0.652 x 10° 0.891 x 10°,
1.307 x 10° 1.645 x 10° and 1.89 x 10° for verifi-
cation, and the results are shown in Figure 2. And
compared with the 1.897 x 10° grid calculation re-
sults, the relative error of the 1.645 x 10° calcula-
tion results was less than 0.015%, and the second
model results were verified with the preliminary

experimental results''¥.

The numerical model of
this paper can be used to evaluate the flow and heat
transfer characteristics of spiral casing heat ex-

changer.

2.4 Data processing

The overall heat transfer coefficient was cal-
culated from the heat transfer and the external area
of the inner tube, and the heat transfer was defined
as the average value between the heat released by
HFC125 and the heat absorbed by the cooling wa-

ter[lz’m.
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Figure 2. Outlet temperature of the calculated domain under
different grids.
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Average heat transfer coefficient and Nussle
number are calculated as:
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In the equation: d. is the equivalent diameter of
the outer tube, T, is the average solid interface
temperature, Trerave and 7Tyay, are the average tem-
peratures of the refrigerant and cold water, respec-
tively.

3. Results and Discussion

3.1 Effect of inlet water temperature on flow
and heat transfer performance

Figures 3(a) and (b) gives the variation of the
overall heat transfer coefficient with flow rate for
different inlet water temperatures. The results show
that the overall heat transfer coefficient increases by
19.27% with the increase in the flow rate of the
outer tube water for a constant flow rate of the inner
tube refrigerant, which is attributed to the increase
in the heat transfer rate and the decrease in the av-
erage temperature difference due to the increase in
the flow rate of the cold water, which is consistent
with the variation of the overall heat transfer coeffi-
cient of the multi-tube spiral heat exchanger in the

literature!®!. Under the constant flow rate of water,
increasing the flow rate of the inner tube refrigerant
leads to a significant increase in the temperature
difference, resulting in a decrease in the overall heat
transfer coefficient by 15.69% with the increase in
refrigerant flow rate, although there is an increase
in the overall heat transfer[”], which is due to the
higher flow rate and higher temperature of the inner
tube refrigerant compared to water, increasing the
refrigerant flow. This indicates that the inner tube
refrigerant flow rate is the limiting factor for the
increase of the overall heat transfer coefficient in
this operating range. It is also found that the overall
heat transfer coefficient increases with the decrease
of inlet water temperature, which is a significant
increase in heat transfer due to lower inlet water
temperature and a decrease in temperature differ-
ence, resulting in an increase of 6.82% in the over-
all heat transfer coefficient.
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Figure 3. Variation of overall heat transfer coefficient with
flow rate at the different inlet water temperature.

The variation of the inner tube Nusselt number
(Nuin) with flow rate at the different inlet water
temperature is given in Figures 4(a) and (b). It
can be found that Vi, increases with the increase
of refrigerant flow rate and water flow rate (qm,,
and qp,,) with the increase of 80.00% and 6.87%

15



respectively, which is due to the fact that the in-
crease of flow rate can reduce the thermal boundary
layer and make the heat transfer coefficient increase,
which in turn shows Vi, increase. Comparing the
variation of Nui, with the flow rate at different
temperatures, it can be further found that the lower
the inlet water temperature, the higher the inner
pipe Nui, is relatively at any flow rate, with a max-
imum increase of 19.85%. This is due to the in-
crease in heat transfer rate caused by the increase in
temperature difference by lowering the inlet water
temperature, which leads to an increase in the heat
transfer coefficient, resulting in a higher Nusselt
number.
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Figure 4. Variation of Nu;, with flow rate at the different inlet
water temperature.

The variation of Nusselt number with flow rate
for the outer tube at different inlet water tempera-
tures is given in Figures 5(a) and (b). Figure 5(a)
indicates that Nu,, increases by 29.29% with the
increase of qp,,, for the higher the water flow, the
more significant the increase of overall heat ex-
change. Although temperature difference caused by
inner tube surface temperature and relatively low
flow temperature increases, Nuo, still increase with
the increase of g, lowereing the inlet water
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temperature, Nusselt number can be increased by
18.75%. Figure 5(b) gives the variation pattern of
Nu;, with the increase of Gmyer At different inlet
water temperatures. It can be seen that Nu;, de-
creases by 11.17% with the increase of qp,_ .,
which is attributed to the increase of the inner tube
surface temperature due to the increase of g, .
Since the temperature increases much faster than
the heat transfer, Nuout decreases with the increase
of G, At the lower inlet water temperature, the
inner tube surface temperature is lower, causing
Nuout to increase by 2.21%.
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Figure 5. Variation of Nu,,, with flowrate at the different inlet
water temperature.

3.2 Effect of inlet refrigerant temperature on
flow and heat transfer performance

The variation of the overall heat transfer coef-
ficient with flow rate at the different inlet refriger-
ant temperatures is given in Figures 6(a) and (b).
As can be seen from Figure 6, the overall heat
transfer coefficient increases by 18.80% with the
increase in water flow rate, which is due to the in-
crease in heat transfer rate and decrease in the av-
erage temperature difference due to the increase in
chilled water flow rate. Under the condition of con-



stant water flow rate, increasing the flow rate of the
inner tube refrigerant will lead to an increase in
temperature difference, resulting in an overall heat
transfer coefficient decrease of 15.84% with the
increase in flow rate, again due to the higher flow
rate of the inner tube refrigerant compared to the
water flow rate and higher temperature, increasing
the refrigerant flow rate, the overall heat transfer
increase is relatively small, but the temperature dif-
ference between the import and export increases
significantly, making the overall heat transfer coef-
ficient decrease. It was also found that the overall
heat transfer coefficient increased by 13.20% with
the increase in inlet refrigerant temperature, which
was due to the increase in the inlet refrigerant tem-
perature, increasing the overall heat transfer coeffi-
cient despite the increase in temperature difference.
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Figure 6. Variation of overall heat transfer coefficient with
flow rate at the different inlet refrigerant temperature.

Figures 7(a) and (b) gives the variation of
Nusselt number of the inner tube at different inlet
refrigerant temperatures. It can be seen that Nui,
increases by 77.69% and 7.65% with the increase of
flow rates of g, and G, which is more pro-
nounced with theincrease of refrigerant flow rates,
due to the higher refrigerant flow rates compared to

water flow rates, which makes Nuj, increase signif-
icantly. The results also show that the higher the
inlet refrigerant temperature, the higher the inner
tube Nui, relative to the water flow rate at any flow
rate. This is due to the increase in the inlet refriger-
ant temperature, the increase in the heat transfer
rate due to the increase in the temperature differ-
ence, leading to an increase in the overall heat
transfer coefficient, resulting in a higher Nusselt

number.
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Figure 7. Variation of Nu;, with flow rate at the different inlet
refrigerant temperature.

Figures 8(a) and (b) gives the variation of
Nusselt number of the outer tube at different inlet
refrigerant temperatures. From Figure 8(a), it
can be seen that Nu,, increases by 22.58% with the
increase of qy,,,, which is due to the increase of the
total overall heat transfer coefficient caused by the
enhancement of turbulence with the higher water
flow rate, showing that Nu, increases with the in-
crease of qy,, The higher the total heat transfer,
the greater the overall heat transfer, and the Nusselt
number increase by 10.61%. Figure 8(b) gives the
variation pattern of Nuow with g, . It can be seen
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that Nuow decreases with the increase of qy,,,
which is attributed to the increase of the tempera-
ture difference between the refrigerant temperature
and the inner tube surface temperature due to the
increase of G, although the heat transfer in-
creases, Nuoy still decreases with the increase of
Gm,o Increasing the inlet refrigerant temperature,
Nuoy value increases by 2.21% at the same flow
rate.

920
880
3 840
=
= 800
760
’?20 I L L L L
0.024 0.032 0.040 0.048 0.056 0.064
9,/ (kg's™)
(a) Water
750
—=—3593K
——364.1 K
—4— 3674 K
- —¥-3719K
2 700
=
65[} B L L L L

0.110 0.130 0.150 0.170 0.190
9,/ (kg's™)
(b) Refrigerant
Figure 8. Variation of Nu,,, with flow rate at the different inlet
refrigerant temperature.

4. Conclusion

In this paper, the influence of fluid inlet flow
parameters on the flow heat transfer characteristics
of a multi-tube double-stage spiral casing heat ex-
changer was numerically analyzed, the influence
law of the flow rate and temperature of the inner
tube refrigerant and the flow rate and temperature
of the outer tube water on the overall heat transfer
performance of the heat exchanger and the Nusselt
number of the inner and outer tubes was investigat-
ed, and conclusions were obtained.

(1) The overall heat transfer coefficient of the
heat exchanger increases by 19.27% with the in-
crease in water flow, but decreases by 15.84% with
the increase in refrigerant flow, lowering the inlet

water temperature or increasing the refrigerant inlet
temperature can increase the overall heat transfer
coefficient by 6.82% and 13.20%, respectively.

(2) Nuiy increases by 7.65% and 80.00% with
the increase of water and refrigerant flow rates, Nu-
out increases by 29.29% with the increase of water
flow rate but decreases by 11.17% with the increase
of refrigerant flow rate, Nui, and Nuoy all increase
with the decrease of water temperature or increase
of refrigerant temperature.

Main symbols:

Heat exchange area, m”

Pipe diameter, mm

Spiral diameter, mm

Overall heat transfer coefficient, W/(m?-K)
Spiral pitch, mm

Thermal conductivity, W/(m-K)
Spiral length, m

G Mass flow rate, kg/s

AT Temperature difference, K

D Heat exchange, W

SEECESE TN

Subscript:
Avg  Average value
In Inner tube

Out  Outer tube
Ref  Refrigerant
w Water
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