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Recently the authors of this work reported the effects of several primary variables that can affect the
performance of a circulated air curtain in protecting open refrigerated vertical display cases against
infiltration of outside warm air. Those variables were either associated with the dynamics of the air
curtain flow or were geometrical variables. There were a few other variables that were thought to have
lesser impact on infiltration or relatively much harder to manage and vary; therefore, they were cate-
gorized as, so-called, secondary variables and decided to be studied separately in a complimentary
investigation. These variables were not included in the permutations of the primary variables as they
would drastically increase the number of experiments in the published primary-variables study. Due to
using a few simplified assumptions or ideal conditions in the primary study, the secondary variables’
effects were incorporated as several correction functions to modify the infiltration rate obtained from the
primary study. The four secondary variables studied here are turbulence intensity of the air curtain jet at
its discharge nozzle, average percentage of the space between the shelves that was filled with food
products, difference between the temperatures of ambient air and the jet at the discharge nozzle, as well
as the relative humidity between the aforementioned locations. For the ranges of the variables
commonly used in typical medium-temperature display cases, it was found that the temperature and
relative humidity changes are of little or no importance, while the turbulence intensity changes infil-
tration rate almost linearly and the food level varies it in a nonlinear manner.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Supermarkets significantly contribute to the consumption of
electricity. Among those supermarkets that employ open refriger-
ated vertical display cases (ORVDCs), up to 50% of the cost is
attributed to these systems. Also up to 80% [1] of the energy cost of
each individual system can be associated with the entrainment and
penetration of outside warmer air into the system. Previous studies
[2,3] on ORVDCs have indicated that the temperature distribution
in the cold storage area is vulnerable to temperature difference
between the cold supplied air and ambient air, and will increase
with the increase of the latter. This can bemore pronounced in non-
circulated air curtains such as those used at the entrance of
buildings, where, the air curtains may lose relatively more
momentum than those of the recirculated ones (such as those in
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ORVDC’s) or may have excessive momentum that causes forceful
impingement on the floor. In ORVDCs however, the air curtain
regains some momentum near the return passage, which can help
the air curtain better retain its integrity. A computational study [4]
has demonstrated that in circulated air curtains, when the
momentum of the air curtain is not sufficiently low, the infiltration
of ambient air into the cold space is not enhanced by an increase of
the ambient air temperature. This suggests that the performance of
air curtains in insulating one space from the other is not affected by
the temperature difference when buoyancy effect is insignificant;
however, the amount of the load will be higher when ambient
temperature increases. In sufficiently distant locations in the
downstream of the air curtain nozzle, the loss of momentum
signifies the temperature gradient by creating an additional
transverse pressure difference (stack effect) [5,6] that may deform
the air curtain stream. Under other circumstances, an adverse
upward flow may be produced due to buoyancy effect [6,7]. In an
attempt to investigate the thermal effect on the development and
performance of air curtains, the effects of Reynolds and Richardson
numbers were studied [8]. One interesting finding was that flow
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tends to be momentum-driven in air curtains for discharge Rey-
nolds numbers (Re) over 100 (note: the cited or used Re’s in this
work are defined as _mDAG=ðmwDAGÞwhere _mDAG, m are, respectively,
the mass flow rate and dynamic viscosity of air at the discharge
nozzle and wDAG is the width of the discharge nozzle). Since typical
ORVDCs operate at Reynolds number between 3000 and 5000, one
may conclude that the air curtains of most ORVDCs are
momentum-driven. Recently, it was shown [9] that in relatively tall
ORVDCs (e.g. H/w ¼ 16, H: height of the opening, w: smaller
dimension of the air curtain nozzle exit) that have a large horizontal
offset distance between the discharge nozzle and return passage
the mean streamwise velocity of the air curtain jet at the center
point of the discharge nozzle plunges 70% at Reynolds number of
3500. At this point, a maximum drop of approximately 85% is
estimated for the mean value of an equivalent nozzle width,
bringing about Re z 500, which is still greater than the critical
value of 100. This emphasizes that almost in the entire air curtain
path, the thermal effects are minimal; nevertheless, one should not
neglect such effects in other regions of the flow domain, in or out of
the display cases, where the influence of the air curtain is not
significant.

The work of Hayes [10], Hayes and Stoecker [5,11], Hestroni [12],
and Hestroni et al. [13], were some of the pioneers in the study of
air curtain developments and heat and mass transfer through air
curtains. Hayes [10] reported that at turbulence intensity of 8% at
the jet exit, a faster rate of spreading of their non-circulated air
curtain was observed compared to air curtains with 1% turbulence
intensity. The other studies, however, considered a very low
turbulence intensity (1% or below). Howell et al. [14], numerically
and experimentally studied a non-circulated air curtain as well.
They varied their turbulence intensity from 1% to 14% and noticed
that the initial region (also called potential region) of the jet
significantly and linearly decreases as the turbulence intensity
increases. Also Navaz et al. [15] experimentally measured turbu-
lence intensity and noticed that due to the presence of the
honeycomb, there is continuous variation in the turbulence
intensity across the width of the jet exit. The also incorporated
some of the experimental data obtained by PIV and LDV methods
into a CFD model and demonstrated that the entrainment rate
varies with turbulence intensity especially at higher Reynolds
numbers. The variations in the entrainment were mostly linear.
However, they did not measure the actual amount of the entrained
air that was entrained. Although the infiltration is brought about by
entrainment, change in the certain amount of entrained air does
not necessitate the same amount of change in the infiltrated air.

The current work is complementary to a previous study [16] that
took into account the effects of some key parameters that could
impact the infiltration rate in ORVDCs. We focus on those variables
that are postulated to have secondary effects on infiltration rate.
2. Problem description

In the previous work [16], it was shown that the non-
dimensional infiltration rate (N.I.R.) in an ORVDC can potentially
be a function of several non-dimensional variables presented in
Eq. (1):
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In this equation functions f, Q, U, F, J relate the above non-
dimensional variables to infiltration rate. These functions except f
are considered as correction functions in this work. The variables are
defined below and some of them have been depicted in Fig. 1 as
well.

N.I.R.: Non-dimensional infiltration rate
_mInf : Mass flow rate of infiltrated air
_mtot: Total flow rate of the ORVDC (i.e. flow through the return

passage)
H: Opening height
w: Width of the return
a: Offset angle
b: Throw angle
Re: Reynolds number ð¼ _mDAG=ðmwÞÞ at the air curtain

discharge
_mBP: Mass flow rate issued horizontally from the back panel wall
TAm: Ambient temperature
TDAG: Temperature at the air curtain discharge
R.H.: Relative humidity of ambient
IDAG: Turbulence intensity at the air curtain discharge
K: Food level (percentage of the space between the shelves

covered with food)
The primary variables in Eq. (1) are those believed to have more

influence on the amount of infiltration than the other variables
(secondary variables). Categorizing these variables as secondary
variables is due to their potentially lesser significance or extreme
difficulty in continuously varying or maintaining a variable for the
purpose of a parametric study. The effect of the primary variables
has been previously [16] discussed in detail. In that work, the
infiltration experiments were performed for all possible permuta-
tions of the primary variables, which yielded hundreds of infiltra-
tion data points. In the current work, the focus will be on the effect
of the secondary variables and finding the functionsQ,U,F,J in Eq.
(1). These functions represent correction functions to adjust the
function f in Eq. (1) for non-ideal and some other practical condi-
tions. Including the secondary variables in studying the combina-
tion of all these variables, along with primary variables, would
increase the number of the tests significantly by a factor of at least
34 ¼ 81 (if each secondary variable took at least three values). That
means the total number of tests would need to be approximately
46,000.

The primary variables were tested under the following
conditions:

- No food prototypes on the shelves (K ¼ 0)
- Isothermal condition in the entire flow field

(TDAG ¼ TAm ¼ 24 �C)
- Fixed relative humidity in the entire flow field (R.H. ¼ 55%)
- Relatively low turbulence intensity at the discharge of the air

curtain jet (IDAG ¼ 2.5% � 1%).

An air curtain simulator (Fig. 2) that was also previously used
[16,17] to test the primary variables, was utilized to study the effects
of various food levels and different turbulence intensity levels. One
reason for not considering turbulence intensity as a primary vari-
able was that reproducing and attaining the same amount of
turbulence intensity repeatedly in different test configurations
would be cumbersome. Thus, in the primary-variables study, the
value of the turbulence was maintained at a relatively low level and
was varied in the secondary-variable study to achieve higher values.
To produce higher turbulence intensities that were uniformly
induced everywhere at or before the nozzle exit, loose flappers
were utilized that did not affect the mean velocity. As mentioned
before, one of the reasons that turbulence intensity was decided to
be studied as a secondary variable was the difficulty in producing



Fig. 2. Air curtain simulator along with infiltration test set up [16].

Fig. 1. Schematic of the side view of a section of a typical ORVDC [16].
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the same turbulence intensities over and over again for different
tests. In our study turbulence was artificially tripped at the
upstream of the jet exit. Ironically, adding turbulence to the
upstream of our jet exit, where the flow had relatively low agita-
tion, was not very simple. The loose flappers were randomly but
evenly placed in the upstream. The amount of those flappers would
be changed from one Reynolds number to another in order to create
the same intensity for a group of tests. Since this would be very
cumbersome to be accomplished for hundreds or thousands of
times, it was decided to limit the number of variations for turbu-
lence and include it as a secondary variable. The studies on the
various temperatures and relative humidity, however, were con-
ducted on a typical ORVDC in the Refrigeration and Thermal Test
Center of Southern California Edison Company. The test facility was
equipped with an environmentally-controlled laboratory where
temperature and relative humidity could be readily controlled.

For the testing, tracer gas method [18] was employed. It was
shown that the advantage of this technique over the conventional
methods is its higher accuracy that is not compromised, even in the
lack of an operating refrigeration system. In addition, the tests can
be carried out significantly faster. In our tests, we released carbon
dioxide (CO2) at a location immediately after the fan to enhance the
mixing of the gas with air before the mixture was discharged. The
concentration of gas was then measured at three regions: 1) in the
upstream of the air curtain discharge; 2) in the downstream of the
return passage but prior to the releasing site of the gas; and 3) at
a close distance across the air curtain. In every region, the samples
of air-gasmixturewere taken by three separate probes before being
merged and transferred to an analyzer of gas concentration (VA-
3000, Horiba Co.) by rate of 1 sample/sec. The datawere transferred
to a computer to calculate the N.I.R. using Eq. (2), which was
thoroughly discussed in reference [18]:

N:I:R: ¼
_minf
_mtot

¼ CDis � CRAG
CDis � CAm

(2)

In this equation C denotes themass concentration of sampled tracer
gas. Indices Dis, RAG and Am represent, respectively, the regions 1
through 3 that were described above. Before the tests were con-
ducted, CFD simulations using a commercial program (Fluent,
ANSYS Inc.) were performed [18] to identify the proper locations of
the sampling probes that ought to be installed to measure the
concentration of gas across the air curtain and inside the room
(CAm).
3. Results and discussions

The focus of this section will be on correlating secondary vari-
ables with infiltration rate as shown in Eq. (1). In order to find this
correlation, the infiltration tests were performed for several values
of each secondary variable. Then the correction functions in Eq. (1)
were multiplied by the infiltration obtained from the primary
variables (i.e. f(.) in the equation. It should be noted that the data
points of the secondary variables were fewer than those of the
primary variables, as they were not tested for all possible
combinations.
3.1. Effect of food level

The average percentage of the space between the shelves
occupied by food is potentially important as the food product can:
1) partially or completely block the flow issued horizontally from
the back panel and alter the amount of supplied cold air that is
responsible for maintaining a sufficiently low temperature for food
products; 2) alter the ratio R ¼ _mBP= _mtot and consequently the
overall dynamics of the cross flow (floweflow interaction of the
vertical air curtain flow with horizontal back panel flow); and 3)
change the dynamics of the air curtain flow by changing its flow-
structure interaction (discussed in the following). In order to
comprehend the effect of food level, infiltration tests were per-
formed at different Reynolds numbers (3 levels), a (2 levels: 0�,
24�), and R (2 levels: 0% and 55%). Angle b and H/w were main-
tained at 0� and 12, respectively. The tests were performed at three
food levels of 0%, 35%, and 80%.

Although Fig. 3 indicates the infiltration value depends on
geometrical configurations and R, at a fixed geometrical configu-
ration, variation of Reynolds number results in very similar infil-
tration rate trends. The infiltration either decreases monotonically
with increase of food level (Fig. 3 (Xa,d)), or first experiences an
uphill and then plummets (Fig. 3 (Xb,c)). It seems that in the latter
cases, the maximum N.I.R. occurs at food levels around 30%, while
in all cases the smallest infiltration rate takes place at the highest
food level (i.e. 80%). This minimum infiltration perhaps happens
because when the vertical space between the shelves is filled with
more food products, the periodic configuration of the shelves that
usually intervenes with flow in the form of perpendicular
impingement, resemblesmore a flat vertical surface fromwhich the
turbulence will not be induced or enhanced due to elimination of
direct impingement. Therefore, there are two extremes for the
flow-structure interaction, ranging from direct perpendicular
impingement on the shelves to passing by the shelves parallel to
the vertical edge of the food products and creating almost
a boundary layer. One can observe in some cases that the infiltra-
tionmay not drop, but may even increasewhen food level increases
from low to medium. This may be an indication of strong
impingements that can still exist in those cases.

Comparing the N.I.R.s at offset angles 0� and 24� suggests that
the order of change of N.I.R. with respect to Re also depends on the
value of offset angle. For example at a¼ 0�, Re¼ 8400 results in the
smallest N.I.R. among other Re values, while it produces the largest
infiltration for a¼ 24�. In an experimental study that visualized (by
particle image velocimetry) the flow in a cavity insulated by
a similar air curtain, it was shown that [9] at medium H/w values
(e.g. H/w ¼ 12), there is higher chance that the air curtain impinges
forcefully on the lowest horizontal surface (tray) of the display case.
By comparing these two studies one can infer that at greater offset
angles, after passing the shelves area (whether or not partially
impinging on them) the air curtain will hit the bottom surface with
higher momentum than those air curtains with lower Reynolds
number. After the strong impingement at higher Reynolds
numbers, an upward flow will be created that will in turn induce
more agitation to the flow and will give rise to higher levels of
turbulent kinetic energy and associated turbulent shear stress in
that region. Therefore, the vortices that are created in the lower
part of the display case as a result of such agitations can bring about
more entrainment of outside warmer air (by air curtain) that will
consequently enhance the possibility of infiltration.

As appeared in Eq. (1),J, is a correction function corresponding
to the effect of food level and is interpreted as a normalized non-
dimensional infiltration rate, i.e., it is an N.I.R. normalized by the
value of N.I.R. at 0% food level (called N.I.Rno,food):

JðKÞ ¼ N:I:R:
N:I:R:no;food

(3)

To take into account the effect of food level, this function
modifies the values of infiltration for the cases with zero food level.
It was found that at R ¼ 0, averaging the results over the values of
different Reynolds numbers would result in:



Fig. 3. Dependency of N.I.R. on food level.
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J1 ¼ a

24

�
�1:27K2 þ 1:11K

�
þ 0:362K2 � 0:52K þ 1 (4)

and in the same fashion at R ¼ 0.55:

J2 ¼ a

24

�
�0:033K2 � 0:646K

�
� 0:259K2 þ 0:64K þ 1 (5)

With linear interpolation between Eq. (4) and (5) (with respect
to R) one can estimate an overall correction function:

J ¼ 0:55ð1� RÞ½J2 �J1� þJ1 (6)

J, J1, J2 are functions of K, a and R. Hence, the corrected infil-
trations can be expressed as:

ðN:I:R:Þwithf ood ¼ ðN:I:R:Þnof ood�J (7)
Table 1
Dependency of non-dimensional infiltration rate on discharge air temperature.

TDAG (�C) �3 0 2 Average Standard deviation

N.I.R. (%) 28.2 28.3 28.7 28.4 0.26
3.2. Effect of temperature difference

Further investigations were conducted to find the effect of
differences between the temperature of the discharged air curtain
and ambient temperature (DT ¼ jTAm � TDAGj) on the infiltration
rate. Tests were performed at medium refrigeration temperatures
i.e.�3 �C< TDAG< 2 �C in an environmentally-controlled laboratory
of Southern California Edison Company. The results indicate that at
a fixed ambient temperature (TAm), infiltration is a weak function of
the discharge air temperature, TDAG, for typical vertical display cases
with Re ¼ [3000 5000]. In the laboratory the ambient temperature
and relative humidity were kept constant at 24 �C and 55%,
respectively. Also, all tests were performed within 30 min after
defrost of the refrigeration cycle to ensure that the air flow rate is
consistent for different tests. The results have been summarized in
Table 1. In these tests, the average value of N.I.R. was 28.4% with
a standard deviation of only 0.26%. The uncertainty associated with
this measurement technique is about 3% of the full scale. Therefore,
the standard deviation in Table 1 falls within the range of the
testing uncertainty.

It can be expected, however, that under some conditions
(outside of the scope of current study) when the overall
momentum of the flow gets smaller than the critical value dis-
cussed before, temperature difference plays a more important role
on infiltration, and the buoyancy and stack effect [5] get
pronounced and dominate the momentum of the air curtain flow.
For example, if the air curtain flow rate drops significantly, diffusion
rises compared to convection, and therefore the buoyancy effect
ought to be taken into consideration [8]. Previous studies [4] verify
the small effect of the above temperature difference on infiltration.
However, it should be noted that this does not mean the cooling
load of the refrigeration system is independent of DT, but empha-
sizes on this fact that the performance and fluid dynamics of the air
curtain is not affected by the difference, at least in the range of
typical operating temperatures and Reynolds numbers. For
example, the amount of sensible load of the system, i.e.
_Q ¼ _mCpDT , is not affected, as this study shows, by the mass flow
rate of the infiltrated air _m (when DT increases), but the load
obviously increases with increase of DT.

Therefore, in the above range of operation, the temperature
correction function Q in Eq. (1) will become almost constant and
independent of DT. We set Q z 1, as almost no correction is
required for infiltration in this regard.



Fig. 4. Variation of N.I.R. with turbulence intensity at the jet exit at K ¼ 60%.
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3.3. Effect of relative humidity

The investigation on the effect of ambient relative humidity
(R.H.) was conducted in the same laboratory. In a series of experi-
ments, the R.H. was changed from 30% to 65% and its effect on
infiltration rate was measured at a fixed ambient temperature of
24 �C and discharge air temperature of 0 �C (Table 2). In these tests,
the average value of N.I.R. was 33.6% with a standard deviation of
0.67%. The standard deviation falls within the range of the testing
uncertainty. From the result of Table 2 it is evident that similar to
the effect of DT discussed previously, the variation of the R.H. does
not have significant effect on the amount of infiltration either.
Overall, one can conclude that the correction function for relative
humidity to be approximated U z 1. It should be noted that in this
table, the values of non-dimensional infiltration are somewhat
larger than those in Table 1 for the counterpart values of temper-
ature and humidity. The difference is due to the fact that after
testing the temperature effect, the display case was partially ret-
rofitted. However, regardless of the geometrical configuration of
the system, one can draw useful comparative and qualitative
conclusions as all the tests on the effect of relative humidity were
performed in the same geometrical and fluid conditions.

An interesting conclusion from the above experiments yielding
small variations of infiltrationwith change ofDTand R.H., is that our
simulator system, which lacks a refrigeration system, provides us
with reasonable infiltration results. This infers that it is not
necessarily required to have a refrigeration system to measure the
infiltration by traditional methods, i.e. collection of the condensate
mass of the refrigeration system and relating that to the outside
infiltrated air [19,20], or using a thermal entrainment equation [21]:����TDAG � TRAG
TDAG � TAm

���� (8)

The traditional methods are obtained from conservation of
energy in and around the system, while in tracer gas method
conservation of mass is utilized [18].

3.4. Effect of turbulence intensity at discharge of nozzle

In this work, turbulence intensity at the discharge of the nozzle
is defined as u0=U, where u’ is the root mean square (rms) value of
velocity fluctuations, and U is the mean velocity of the flow.
Because the turbulence intensity of the jets exiting the nozzle (IDAG)
of our air curtain simulator varies between 1.5% and 3.5%, and the
turbulence intensities of typical ORVDC’s varies between 10% and
20%, we attempted to add artificial agitation to the flow at the
upstream of the nozzle exit and also at the exit of the nozzle to
induce more turbulence. To achieve this, flow obstructions such as
flappers were installed before the discharge, where the turbulence
intensity was incrementally increased up to 13%. Tests were done
for empty, as well as, partially filled shelves. As one may expect, our
results indicated that an increase of turbulence intensity enhances
the amount of infiltration. It was also found that in the range that
the variables change in the current work, infiltration and turbu-
lence intensity are almost linearly related (Fig. 4). From there, the
turbulence intensity (IDAG) correction function V in Eq. (1) can be
derived as:
Table 2
Dependency of non-dimensional infiltration rate on ambient relative humidity.

Ambient R.H. (%) 30 45 55 65 Average Standard deviation

Non-dimensional
infiltration rate (%)

34.4 33 33.1 33.9 33.6 0.67
FðIDAGÞ ¼ N:I:R:I
N:I:R:+;I

¼ 1þ E
N:I:R:+;I

(9)

where N.I.R.I is the value of the non-dimensional infiltration rate
when the jet exits with an artificially added turbulence. N.I.R.o,I
corresponds to the non-dimensional infiltration rate before adding
the turbulence (i.e. at IDAG 2.5% � 1%).

The parameter E was found to be:

E ¼ 0:876� IDAG � 0:022 (10)

Consistent with this finding, Howell et al. [14] showed that the
length of potential core of a jet decreases almost linearly as the
turbulence intensity increases. This infers that with increase of
turbulence intensity, the mixing at the outer edges of the jet
develops more rapidly and the effect of shear will penetrate
towards the center of the jet at a faster pace. As a result of the
mixing, more flow from ambient can be entrained by the jet.

4. Conclusions

It has been shown that infiltration is a weak function of the
variables associated with the thermal energy content of air (i.e.
temperature difference and relative humidity). In this regard, the
variation of discharged air temperature at a constant ambient
temperature does not affect infiltration, implying that for air
curtains with typical Reynolds numbers, the momentum of flow
and heat convection predominate the mass and heat diffusion due
to temperature difference. These findings confirm that our infil-
tration tests that were performed with a lack of refrigeration
systemwere valid. The observations, nonetheless, do not infer that
the total cooling load of the refrigeration system is independent of
temperatures; conversely, it is evident that with an increase of
ambient temperature and humidity, or an increase of the discharge
temperature, the load increases as well.

In most cases, high food level lowers the infiltration rate by
providing a virtual, quasi-flat wall boundary at the tip of the shelves
that helps attenuates the nearly perpendicular impingement of the
jet on the shelves. On the other hand, an excessive increase of the
food level may not be recommended as it may limit the amount of
transverse cold air that should flow over the shelves and food
products to maintain their temperature sufficiently low. Also, the
higher the turbulence intensity of flow at the exit of the air curtain
nozzle, the higher infiltration will be brought about. The relation
between the turbulence intensity and infiltration was found to be
almost linear.

With the correction functions found in this work, the infiltration
of ambient air into the return passage can be predicted more
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accurately by modifying the infiltration rates measured from the
study of the primary variables [16]. The corrected infiltrations will
help the designers and manufacturers of open refrigerated display
cases design more energy-efficient systems that can be achieved by
making minor changes, saving U.S. supermarkets upwards of
millions of dollars per year. Based on an estimation by the California
Energy Commission, the energy savings associated with a 15%
reduction in the energy consumption in open refrigerated display
cases would be about $100 million dollars per year in the United
States. This estimation, however, is based upon the electricity prices
of 1999. With the current higher rates, our success in achieving
more efficient systems (at least 25% reduction), and current bigger
market for such systems, the figure for the savings is expected to be
significantly higher.
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