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Abstract

This study performs a numerical study to examine the flow mixing characteristics subject to slot-injection and hole-injection of an
intercooler applicable to a two-stage refrigerant compressor. The effect of injected angle and velocity is also investigated. The result indi-
cates that the temperature distribution of a hole-injection is more uniform while the velocity distribution less uniform at a vertically
injected arrangement. Larger injection angles generate bigger flow separation zones which results in velocity non-uniformity, whereas
smaller injection angles give rise to a less velocity non-uniformity. As the injection velocity rises, both the temperature and velocity
non-uniformity of the slot-injection type increase significantly whereas the injection velocity has negligible influence on the relevant uni-
formity for a hole-injection type. It is also found that the existence of the secondary vortices allows the hole-injection type to have a more
uniform temperature and velocity distribution than that of the slot-injection type.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

With the strong need of efficient energy use faced pres-
ently, the demand on high COP of centrifugal refrigerant
compressors is increasing in recent HVAC&R applications.
Single-stage compressors have already reached its potential
limit since its COP can hardly be increased at all. In this
regard, the exploitation of two-stage centrifugal compres-
sors to increase overall COP becomes a very common
way to achieve the goal. With the aid of a second expansion
valve, the COP of two-stage centrifugal refrigerant com-
pressors can be significantly improved due to reduction
of the refrigerant temperature. The two-stage compressing
process features an interstage liquid flash cooling as shown
1359-4311/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.applthermaleng.2007.01.028

* Corresponding author. Tel.: +886 4 23924505; fax: +886 4 23932758.
E-mail address: jmh@ncit.edu.tw (J.-M. Huang).
in Fig. 1. Part of the cold refrigerant vapor from the flash
chamber is used to cool down the hot refrigerant vapor
from the first compression by direct mixing. The well mix-
ing vapor then enters the second stage impeller. A typical
design for mixing of these two streams is schematically
shown in Fig. 2a. The injected positions of the cold refrig-
erant are usually located on the interior of deswirl vanes or
on the exit of deswirl vanes. The injecting the coolant near
the inlet in deswirl vanes gives rise to well mixing of hot
and cold streams. However, the disadvantage is to increase
the aerodynamic loss and the uncertainty in the design of
deswirl vanes. Injecting the coolant after exiting deswirl
vanes or near the outlet in deswirl vanes have little effect
on the angle design and performance of deswirl vanes,
but the mixing of the cold and hot vapor will be less
uniform.

Many numerical and experimental researches were con-
ducted for film cooling which were related to the present
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Nomenclature

x distance along direction of main stream
w slot width
Pb scaled pressure coefficient, defined in Eq. (1)
d position of hole edge, shown in Fig. 2(c)
X (x � d)/w
T temperature
T0 temperature of hot refrigerant
Ti temperature of cold refrigerant
V0 inlet velocity of hot refrigerant
Vi average injected velocity
TSD dimensionless temperature standard deviation

of a cross-section

VSD dimensionless velocity standard deviation of a
cross-section

p0 static pressure of hot refrigerant
pi static pressure of coolant
h injection angle, reference to streamwise direc-

tion
Cd intercooler pressure loss coefficient,¼ 0:5Dp=

qV 2
0

Dp pressure drop from inlet to outlet of intercooler
q density of refrigerant
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study to some extent. For example, Fitt et al. [1] measured
the downstream pressure distribution along the wall for an
injection slot subject to the influence of blowing rates.
Goldstein [2] conducted a flow visualization experiment
for a film cooling flow near the end wall of a gas turbine.
Ligrani et al. [3,4] measured the discharge coefficient of
an injection hole and its adiabatic effectiveness. Schwarz
and Goldstein [5] measured the film cooling effectiveness
of a concave surface pertaining to the effects of hole diam-
eter, density ratios, and blowing rates. Ligrani and Mitchell
[6], Ekkad et al. [7], Nasir et al. [8], Lin and Shih [9], Lee
et al. [10], Maiteh and Jubran [11], Yuen and Martinez-
Botas [12] investigated the effects of streamwise and lateral
angles on the film cooling effectiveness of a flat surface. The
results showed that certain combination of hole diameter
and angle could augment the cooling effectiveness and heat
transfer coefficient. Considerable efforts were devoted to
the effect of pulsating bulk flow on the heat transfer coeffi-
cient and effectiveness [13–18] for film cooling. The general
conclusion is that the effect of turbulent intensity becomes
weaker at a higher injection rate. Kim and Kim [19] per-
formed a flow visualization experiment to examine the
influence of configuration of injection hole on the cooling
effectiveness of a leading edge film.
Fig. 1. A schematic of a two-stage compressio
Some researches numerically investigated the film cool-
ing phenomena. Amer et al. [20] used three turbulent mod-
els (k–x model, modified k–x model and k–e model) to
calculate two rows film cooling effectiveness. Their calcula-
tions were compared with the experimental data; showing
turbulent model depends heavily on the blowing rate as
well as on the distance downstream from the injection
holes. Kadja and Bergeles [21] performed a 2D simulation
of a slot-injection turbine blade cooling against the exper-
imental data from Fitt et al. [1]. Bellettre et al. [22] used
numerical method to calculate heat and mass transfer of
several cooling media in the boundary layer and inside a
plane porous plate. The turbulent model they applied was
k–e RNG model. Power-law scheme was used to discretize
the convective term and the SIMPLE scheme was adopted
to process pressure–velocity iteration. Lakehel et al. [23]
used two kinds of turbulent models to simulate the flow
field of turbine blade leading edge film cooling and com-
pare with experimental data. Their results showed that
the accuracy of two-layer model was better than standard
k–e model. Thakur et al. [24] used the standard k–e model
and a low Reynolds number model to investigate film cool-
ing phenomena near the leading edge of a turbine blade.
After comparing the temperature field with experimental
n system and its associated p–h diagram.



Fig. 2. (a) Diagram of the compressor’s flow channel; (b) geometry of a hole-injection type; (c) geometry of a slot-injection type.
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data, it is found that the low Reynolds number model gave
better predictive ability than the standard model. Garg and
Gaugler [25] used CFD to calculate the film cooling effec-
tiveness of a rotating turbine blade. Garg [26] used k–x
model, q–x model and Baldwin–Lomax model to calculate
the heat transfer coefficient of film-cooled rotating blade.
After comparing with the experimental data, they reported
that the Baldwin–Lomax model was the most accurate one
at the leading edge while k–x model showed the best pre-
diction on the pressure side of blade. In short, the k–x
model was better than the other two models. Koc et al.
[27] used Fluent package to calculate the film cooling effec-
tiveness subject to the influences of different rectangular
holes, blowing rates and curvatures of surface. The turbu-
lent model they applied was the standard k–e model. Guo
et al. [28] used large-eddy simulation model to compute
the detailed flow field of film cooling. Miao and Wu [29]
used low Reynolds number model to calculate the effect
of hole shape on flat plate film cooling effectiveness. The
research of film cooling focused on how to prevent hot
gas from harming the surface of solids.

The foregoing studies are generally associated with the
film cooling of turbine blades. However, there were no
available studies associated with the uniformity of two mix-
ing flow of two-stage compressing cycle in connection with
the influence of temperature. It is evident from previous
film cooling studies that the flow field has a strong impact
on the overall performance. In this regard, it is the
objective of this study to examine the mixing characteristics
on the overall performance of a two-stage compression
cycle. Two different types of injections, namely the hole-
injection and slot-injection are systematically investigated.
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This study will perform a more thorough analysis on this
type of intercooler. In conventional design, it is often
assumed that the cold and hot refrigerants are completely
mixed before entering the second stage impeller and only
the bulk temperature and velocity are used for further cal-
culation. However, both temperatures and velocities
should have different distributions at various designs of
injection angles or blowing rates which may give rise to
performance variation at the second stage compression.
The present study aims to examine the level of mixing on
the overall performance. There are two types of injection
designs being investigated in this study. One is hole-injec-
tion type (3-D flow field) and the other is slot-injection type
(2-D flow field).

2. Physical model, equations and methodology

The intercooler being investigated in this study is shown
in Fig. 2a. Part of the refrigerant vapor after the first com-
pression will be directed into the intercooler. This research
adopts a typical geometry similar to a 500RT two-stage
centrifugal refrigerant compressor as the basic design.
The refrigerant is R-134a. Basic assumptions are as
follows:

1. The flow is incompressible. The exiting static pressure of
first stage is 581.4 kPa and the temperature is 25.05 �C.
The pressure of the coolant is about 589 kPa and the
temperature is 20.95 �C.

2. The physical properties of refrigerant vapor including
thermal conductivity, molecular viscosity and specific
heat are evaluated at constant pressures.

3. The velocity and temperature of the hot refrigerant
vapor exiting deswirl vanes are uniformly distributed.
However, the velocity distribution of the hot refrigerant
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Fig. 3. Comparison from different turbulent mode
vapor will not be uniform after passing through deswirl
vanes. A better design of the channel curvature and des-
wirl vanes blade angles will reduce the non-uniformity of
velocity field at the exit of deswirl vanes.

4. The velocity distribution from slot-injection type inter-
cooler is axis-symmetrically distributed.

5. The shape of hole is rectangular for simplification.
6. The flow rates of coolant are about 6.5% and 10% of hot

refrigerant flow rate.

With the preceding assumptions, the geometries shown
in Fig. 2b and c were used for numerical computation. This
study uses Star-CD software to simulate the temperature
and flow fields. Conservation equations used for this study
include the ‘‘continuity equation’’, the ‘‘turbulent momen-
tum equations’’ and the ‘‘turbulent energy equations’’. The
boundary conditions are as follows:

1. There are two inlets in computational domain. One is
for the hot vapor which can be seen in Fig. 2 with a uni-
form inlet velocity of 21.5 m/s. The other one is specified
for the injected cold vapor inlet as shown in Fig. 2c. The
turbulent intensities in these two inlets are 0.05. The
normal width of slot at entrance of intercooler is
4.65 mm. There are 13 holes at the entrance of inter-
cooler and each of them has a normal area of
196 mm2. The inlet total areas of the cooler are the same
for slot-injection and hole-injection types. For compari-
son purpose, the basic conditions of hole-injection and
slot-injection types are under the same injected mass
flow rate and injected area. Due to the fixed density
assumption, the cooler’s velocity at the entrance of inter-
cooler for these two types are the same.

2. The cross-section of the intercooler where the refrigerant
leaves is regarded as an ‘‘outlet’’ boundary condition.
6 8 10

-d)/w

Fitt[1985]

Cubic+MARS

Quard+MARS

Chen+QUICK

Chen+MARS

ls with experimental data from Fitt et al. [1].
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3. The surfaces normal to circumferential direction are
considered as a ‘‘symmetry’’ boundary condition.

4. The solid surfaces are termed as ‘‘smooth wall’’ sur-
faces.

As the flow field in film cooling of this study is very com-
plex. Therefore, previous researches such as Amer et al.
[20], Lakehel et al. [23], Thakur et al. [24], Garg [26], and
Miao and Wu [29] all adopted different turbulent models
to simulate the flow field. For substantiating the proposed
turbulent modeling, a preliminary study is performed in
comparison with the experimental data by Fitt et al. [1].
The experimental results of Fitt et al. [1] contains various
injection velocity, this study only compares with the result
from the largest injection velocity because it is similar to
the ordinarily operational condition of an intercooler.
The comparisons are shown in Fig. 3. The ordinate in
Fig. 3 is Pb and is defined as:

Pb ¼ 1

B2=3

pw � p0

pt0 � p0

� �
ð1Þ

where B is the blowing rate, pw is static pressure on the
wall, p0 is the static pressure at upstream of injection hole,
and pt0 is the total pressure at upstream of injection hole.
As seen in the figure, good agreement with the experimen-
tal data are shown, including (k–e Chen’s model +
MARS), (k–e Chen’s model + QUICK), (k–e/cubic/high
Reynolds number model + MARS) and (k–e/quadratic/
high Reynolds number model + MARS). The plot of
(k–e Chen’s model + MARS) shows the best agreement
against experimental data in the constant pressure region,
but has a larger deviation in the pressure distribution fur-
ther downstream. Alternatively, the k–e/cubic/ high Rey-
nolds number model + MARS reveal a larger error in
the constant pressure region, but coincide with the data
in the pressure distribution downstream. The overall eval-
uation indicates that the k–e/cubic/high Reynolds number
model combined with the MARS method will be the most
appropriate one in the present study. In this study, the
SIMPLE scheme will be utilized for the iteration proce-
dure and the convergence criterion is met when the resid-
ual values of velocities, pressure, temperature, and
turbulent kinetic energy are all less than 10�4. A nonlin-
ear high Reynolds number turbulent model is applied in
this study and the velocity near the wall surface is mod-
eled by the ‘‘wall function’’. The consideration of laminar
sub-layer is not necessary when y+ is higher than 25.
Note that y+ for all solid wall in this study are all higher
than 25.

The temperature and the velocity field may become
unevenly distributed after the mixing of two refrigerant
vapors. For evaluation of the uniformity of the tempera-
ture and velocity distribution, the standard deviation of
the cross-sectional temperatures and velocities along the
main stream is exploited as an indicator. The correspond-
ing definition is as follows:
TSD ¼ 1

ðT 0 � T iÞ
1

N

XN

j¼1

ðT j � T aÞ2
" #0:5

ð2Þ

VSD ¼ 1

V 0

1

N

XN

j¼1

ðV j � V aÞ2
" #0:5

ð3Þ

TSD represents the dimensionless temperature standard
deviation; Tj is the temperature of each cell in the cross-sec-
tion; Ta is the average temperature of the cross-section; T0

represents the temperature of the hot refrigerant; Ti is the
temperature of the cold refrigerant; VSD denotes the
dimensionless velocity standard deviation; Vj is the velocity
of each cell in the cross-section; Va is the average velocity at
the cross-section; V0 is the velocity of the hot refrigerant
and N is the number of cells in the cross-section.

Sensitivity of the grid size is also checked prior to
detailed simulations. In the analysis of vertical injections,
four cell numbers, 24,776, 47,446, 100,116 and 214,752
are tested for the hole-injection type. Fig. 4 shows the stan-
dard deviations of the cross-sectional temperature and
velocity downstream of the hole subject to the influence
of grid size. It can be seen from the calculated results that
a cell number of 100,116 suffice. The largest deviation
between cell number of 100,116 and of 214,752 is less than
3%. There is no apparent improvement with doubling the
number of cells. Therefore, 100,116 cells for the computa-
tion of hole-injection type are used in this study.
3. Results and discussion

Table 1 tabulates the influence of different injection
angles and injection velocities on the pressure loss coeffi-
cient of the intercooler. The intercooler’s pressure loss is
directly related to the inlet pressure of the second compres-
sion stage. This parameter has a significant influence on the
overall performance of the system. Normally a large injec-
tion velocity requires a large injected pressure and will lead
to a large pressure mixing loss in intercooler. For the same
injection angle, the influence of injection velocity on the
pressure loss coefficient is comparatively pronounced for
a slot injection than for a hole-injection condition. This is
attributable to a larger influence zone caused by the slot
injection compared to a localized hole-injection. For fur-
ther examination of the large pressure loss, one can see a
typical disordered flow field caused by the lateral impact
of the cold refrigerant on the hot refrigerant as shown in
Fig. 5a and b. Apparently a greater impact velocity results
in a bigger flow separation area as clearly illustrated in
Fig. 5b. The size of the flow separation area is strongly con-
nected to the injection angle. A vertical injection arrange-
ment causes the largest lateral impact on the main
stream, leading to a large flow separation area. By contrast,
more tilted injection angles generate a weaker lateral
impact, thus producing a less effect on hot refrigerant flow.

Fig. 6 shows the effect of injection angle on the TSD
and VSD, respectively for the slot-injection type at
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Vi/V0 = 0.63. In Fig. 6a, the temperature non-uniformity is
first increased and reaches a maximum at X � 3 and
decreases thereafter. This phenomenon becomes more pro-
Table 1
The influence of different injection angles and velocities on pressure loss
coefficient of intercooler, Cd

Slot-injection Hole-injection

Vi/V0 = 0.63 Vi/V0 = 1 Vi/V0 = 0.63 Vi/V0 = 1

h = 90� 0.460 0.954 0.391 0.581
h = 75� 0.358 0.686 0.329 0.464
h = 60� 0.289 0.420 0.254 0.384
h = 45� 0.246 0.310 0.224 0.326
found with the rise of the injection angle. As seen in the fig-
ure, the variation of temperature non-uniformity along the
main stream changes dramatically for the case of vertical
injection. Both the highest and lowest non-uniformity
occurs at h = 90�. Conversely, the level of temperature
non-uniformity remains fairly unchanged at h = 45�.
However, irrespective of the violent flow field caused by
the vertical injection, one should notice that the temperature
non-uniformity of h = 45� is greater than other injection
angles at further downstream (X > 9). As seen in Fig. 5a,
for a larger injection angle, cold refrigerant with higher
momentum rush into the hot refrigerant. It creates a highly
disordered flow, composing of flow separation and a non-
uniform temperature distribution. In the mean time, the



Fig. 5. The flow separation zones under different injection velocities and angles.
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turbulent intensity in the flow separation region is several
hundreds times larger than other regions. In this situation,
it creates a favorable condition for sufficient mixing of cold
and hot refrigerant. This continuous mixing leads to a more
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uniform cross-sectional temperature distribution when flow
separation ends (or flow reattaches wall). As the injection
angle becomes more tilted, the injected cold refrigerant
mainly stays at the top portion and the mixing only occurs
at the interface of hot and cold refrigerant (shown in
Fig. 5c). This leads to an inadequate blending, thereby show-
ing a nearly unchanged non-uniformity of h = 45�.

Fig. 6b shows the influence of injection angle on the
level of velocity non-uniformity for the slot-injection type
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Fig. 7a. Effect of injection angles on TSD
at Vi/V0 = 0.63. It can be seem from the figure that the
level of velocity non-uniformity increases as the injection
angle increases. Analogously a larger injection angle may
lead to a larger flow separation zone. Eventually larger flow
separation gives rise to severe velocity non-uniformity. As
the mixing streams flowing further downstream, the veloc-
ity non-uniformity decreases due to sufficient momentum
mixing of the cold and hot refrigerant and the reattachment
of flow separation. In fact, when the injection angle is 45�,
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for slot-injection type at Vi/V0 = 1.0.
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flow separation did not appear (as shown in Fig. 5c). Sim-
ilarly the cold refrigerant was still limited to the top por-
tion, unable to provide good mixing with hot refrigerant.
Hence the level of velocity non-uniformity decreased fairly
slowly. Although a tilted injection angle does not provide
sufficient momentum mixing, its high uniformity comes
from the small difference between the injection velocity
and the velocity of the main stream.

Fig. 7a shows the influence of different injection angles
on the temperature non-uniformity for the slot-injection
type at Vi/V0 = 1.0. When the cold refrigerant is injected
into the hot refrigerant with a higher velocity, it introduces
a larger velocity component in the direction perpendicular
to the mainstream. As a result, larger flow separation zone
(shown in Fig. 5b) is encountered where it leads to an
amplification of the temperature non-uniformity. The influ-
ence of flow separation is greater on velocity than on tem-
perature and the degree of velocity non-uniformity will
increase as the flow separation zone is increased. Fig. 7b
shows large velocity non-uniformity after the injection of
cold refrigerant. Note that the degree of velocity non-uni-
formity is much higher than those shown in Fig. 6. The
flow separation does not occur when Vi/V0 = 0.63 at
h = 45�. However, the occurrence of flow separation starts
to appear when Vi/V0 = 1.0 at h = 45� (Fig. 5c and d).
Therefore, velocity non-uniformity of Vi/V0 = 1.0 is higher
than Vi/V0 = 0.63.

Fig. 8a shows the influence of injection angle on the
temperature non-uniformity having hole-injection at Vi/
V0 = 0.63 whereas Fig. 8b shows the corresponding influ-
ence on the velocity non-uniformity. The trend of non-
uniform distribution for a hole-injection type at Vi/
V0 = 0.63 is quite similar to that of a slot-injection type.
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Fig. 7b. Effect of injection angles on VSD
However, the temperature and velocity non-uniformity is
lower than that of a slot-injection type. It can be seen that
slot-injection has a 2-D flow pattern whereas hole-injec-
tion has a 3-D flow pattern. A secondary flow occurs in
the cross-section consisting of a 3-D flow motion as
shown in Fig. 9. The value of isothermal contour is
defined as (T � Ti)/(T0 � Ti). The occurrence of second-
ary flow results from the lateral flow injecting into the
main flow. The vertical velocity component increases as
the injection angle is being increased, leading to a stron-
ger secondary flow at a larger injection angle. This sec-
ondary flow can create the non-uniformity, and provide
good mixing between the hot and cold refrigerant. In fact,
the cold refrigerant can then be easily merged into the
main flow field, while the high temperature and high
velocity refrigerant can be delivered into the cold refriger-
ant area. A noticeable swirled motion is generated and
moves toward the downstream of the intercooler under
the present hole-injection arrangement. This provides a
room for good mixing between hot and cold refrigerant.
In that sense, the non-uniformity of the temperature
and velocity for the hole-injection type is considerably
lower than that of the slot-injection.

Fig. 10a shows the influence of various injection angles
on temperature non-uniformity for a hole-injection type
at Vi/V0 = 1. Fig. 10b shows the influence of various injec-
tion angle on velocity non-uniformity for a hole-injection
type when Vi/V0 = 1. When the injection velocity increases,
not only flow separation zone is increased further but also
the secondary flow becomes more vivid due to a higher ver-
tical velocity component. By comparing Fig. 9 with Fig. 7,
it can be concluded that the hole-injection type has a signif-
icant improvement over the slot-injection type at Vi/V0 = 1
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in terms of uniformity of the temperature and velocity dis-
tribution. However, the difference in non-uniformity is
reduced when Vi/V0 is reduced to 0.63. From Fig. 10, the
velocity non-uniformity is increased due to a huge flow sep-
aration at the beginning but its strength dies down quickly
due to the strong secondary flow, suggesting that the injec-
tion velocity is not a dominant variable in the design of the
hole-injection type intercooler.

In conclusion, when a slot-injection type intercooler is
chosen, a high flow velocity of cold refrigerant injection
is not desirable. This is because it equipped with a higher
pressure loss, and pronounced non-uniformity of tempera-
ture and velocity in the intercooler. The secondary flow
appeared in the hole-injection type intercooler can reduce
the temperature and velocity non-uniformity caused by
the injected cold refrigerant. Even though the intercooler’s
pressure loss will increase for high velocity injection case, it
is not so significant in a slot-injection type.

4. Conclusions

This study analyzed the thermal and flow fields of an
intercooler in a two-stage refrigeration compressor using
numerical method. The effect of inject types, namely the



Fig. 9. The secondary flow on the cross-section vertical to mainstream direction (X = 5). The right hand side of each diagram denotes velocity vectors
whereas the left hand side represents a diagram of isothermal contours.
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slot-injection and hole-injection, on the overall mixing
characteristics of intercoolers are investigated. The angle
and ejected velocity of the cold refrigerant are the major
variable parameters being examined. Based on the afore-
mentioned discussions, the following conclusions are
drawn:

1. When the injection angle is large, the pressure loss of the
intercooler will rise, which are associated with the flow
separation. When the injection velocity is increased,
the pressure loss also rises. The pressure loss of hole-
injection type is lower than that of the slot-injection
type.

2. Larger injection angles provide better temperature mix-
ing of the refrigerant, where the level of temperature
non-uniformity increases first along the flow direction
and levels off rapidly when it reaches a maximum.
Smaller injection angles lead to a poor temperature
mixing of the refrigerant, where the level of the temper-
ature non-uniformity decreases fairly slowly.

3. Larger injection angles generate bigger flow separation
zones which results in velocity non-uniformity, whereas
smaller injection angles give rise to a less velocity non-
uniformity.

4. As the injection velocity rises, both the temperature and
velocity non-uniformity of the slot-injection type
increase significantly whereas the injection velocity has
negligible influence on the relevant uniformity for a
hole-injection type.

5. For the same injection velocity, the existence of second-
ary flow in the hole-injection type is more beneficial
when compared to the slot-injection type. The advanta-
ges become even more apparent during high injecting
flow rates.
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Fig. 10a. Effect of injection angle on TSD for hole-injection type at Vi/V0 = 1.
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Fig. 10b. Effect of injection angle on VSD for hole-injection type at Vi/V0 = 1.
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6. Taking into consideration the uniformity of both the
velocity and the temperature distribution, it is recom-
mended to use the hole-injection type of intercooler with
an injection angle of 60�.
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