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I. Introduction 

Infiltration of walk-in coolers account for more than 50% of the cooling load 

according to SCE (2011) and ASHRAE (2009).  However, thus far there is no robust 

technology to precisely measure the infiltration rate of walk-in coolers during the door 

opening period.  Infiltration rate refers to the entrainment of warm and moist air from  

adjacent spaces into the cold or refrigerated spaces such as walk-ins.  Infiltration is a 

major factor in the design, operation, and performance of refrigeration systems.  In 

essence, infiltration of warm air into the walk-in coolers and freezers is primarily 

responsible for the total cooling load or heat gain and increased energy consumption of 

refrigeration compressors thereafter.  Frequent opening and closing of doors, as well as  

the duration for which they are left open can contribute to the infiltration load of walk-

ins.  To minimize the infiltration during door opening periods, infiltration barriers such as 

strip curtains or double swing type doors are typically used. 

Employing systematic and direct measurements of the infiltration rate, the operating 

conditions that could reduce the infiltration rate can be identified.  Furthermore, the 

infiltration rate of walk-in coolers due to small openings and unsealed (or poorly sealed) 

areas has never been accurately measured.  We refer to this process as “natural 

infiltration.”  Previous to this study, there was no experimental flow visualization 

completed of the infiltration phenomenon that occurs when the door is open. 
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II. Definition, Purpose and Application of Walk-ins 

Walk-ins are defined as room sized compartments that achieve controlled storage 

conditions using thermal insulation and refrigeration equipment. By definition, the floor 

area of a walk-in is equal to or less than 3,000 square-feet (sq-ft). Walk-ins are used to 

provide short term storage for perishable food products to maximize food safety and shelf 

life. Walk-ins are classified as either coolers or freezers. Walk-in coolers are used for 

medium-temperature (above 32°F) applications such as fresh fruits, fresh vegetables, 

fresh meat and dairy products. Walk-in freezers are used for low-temperature (below 

32°F) applications such as frozen packed fruits, frozen packed vegetables, frozen meat 

and frozen dairy products. Walk-ins are found in restaurants, both fast food and sit-down 

restaurants, as well as small and medium to large grocery stores or supermarkets. Small 

grocery stores refer to convenience stores and independently owned small food markets. 
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III. Current Models   
 

There is a common model frequently used to find the infiltration of warm air 

through doorways between a warm and cold room.  This model was derived by Tamm 

(1965), and correlates the infiltration rate to geometric dimensions of the door and 

densities of warm and cold air.  Tamm’s model has been modified by Chen et al. (2002) 

for the impact of door open time, plastic strip curtains, and traffic through empirical 

equations.   However, this equation is based on a fully developed flow between the warm 

air and cold air areas.  
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This model does not directly calculate the infiltration rate, but it links the 

infiltration rate, through an energy balance equation, to the cooling load and the 

infiltration rate thereafter. This derivation is also used for fully developed flows. Another 

approach to quantify air infiltration based on hydrodynamic theory for a flow through an 

orifice is Cleland’s (2004) equation that may be adequate for refrigerated warehouses, but 

not walk-ins.  
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1 .  If the values of 

inside and outside temperatures are fixed at a prescribed value, both of these equations 

will yield a constant value of infiltration that is somewhat far from the reality.  For this 

assumption to be true, both rooms must be considered as reservoirs, which is not the case.  

However, if the cooler air density is taken to be a function of time as infiltration dictates, 

a more realistic estimate of infiltration by these two equations may be obtained.  This 

requires information about the average air temperature in the cooler as a function of time 

after the air inside the cooler stabilizes.  In our experiment this stabilization of inside air 
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could be easily detected by the tracer gas, enabling us to find this functionality and use a 

transient value for air density inside the cooler to present “modified” Tamm, Gosney or 

Cleland equations. 

In our research, capturing the actual transient behavior of the infiltration rate is 

the emphasis.  The benefit of using this method in the actual periodical operation of 

coolers leads to accurate prediction of the cooling load.  Let us consider a typical scenario 

where a frequent closing and opening of a walk-in cooler exists.  Figure 1 depicts a 

standard scenario.  The blue lines refer to the exfiltration of cold air and therefore 

infiltration of the warm air into the cooler during the door opening interval.  The red lines 

describe when the door is kept closed and the inside air is cooled.  The temperature may 

or may not reach the nominal operating value (desired value) because the next door 

opening may occur before this time.  The green line is the natural infiltration that occurs 

through the unsealed areas or cracks while the door is not opened.  

 
Figure 1  Schematic of frequent door opening and closing during a typical operation 

scenario 
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As it is seen from Figure 1, the exfiltration/infiltration phenomenon is a transient 

process and it cannot be described by any of the previous models unless the cold space is 

very large, so that the amount of exfiltrated air to the total amount of cold air is small.  

The purpose of this work was to find the “blue” line portion of Figure 1 that represents 

exfiltration/infiltration of air out/into a walk-in.  It is seen that the process is transient and 

comes into equilibrium (there will not be any more cold air left in the walk-in) 

asymptotically.  The blue line representing exfiltration/infiltration processes can vary as 

the temperature gradient, fan speed, and relative humidity differences between the cold 

air (inside the walk-in) and warmer air (outside the cooler) change.  In this study, we  

measure and create the blue line portion of Figure 1 under different conditions.  Although 

this work was performed for a specific walk-in, it can be generalized to provide a library 

of these “blue” lines in a form of an equation that can be used by industry and fitted to 

their specific operating conditions.  We have also used the computational fluid dynamic 

(CFD) modelling identical to the experimental procedure that was used.  It should also be 

mentioned that since the amount of cold air leaving the walk-in is equal to the amount of 

warm air infiltrating into the cooler, we have used the terms exfiltration and infiltration 

interchangeably (in terms of volume and not mass).  

This project provides manufacturers with a tool and a protocol that can be used to 

find the infiltration rate into walk-in coolers very accurately through direct measurements 

of the tracer gas concentration.  This method has been used by Amin, et al. (2009) for 

measuring the infiltration rate of open refrigerated display cases and is adopted in this 

work as a robust, accurate and simple-to-use technique. 
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IV. Experimental Setup 

 Series of tests were performed with the walk-in cooler at Southern California 

Edison’s Thermal Test Center (TTC) facilities to study the infiltration rate and visualize 

the flow pattern at the door during the event of infiltration.  The tracer gas setup to 

quantify the infiltration is shown in Figure 2 where CO2, an inexpensive and safe tracer 

gas was used to monitor the infiltration rate. 

    
Figure 2  Horiba VA-3000 Gas Analyzer (left photo), and CO2 gas tanks (right photo) 

 

This gas analyzer utilized a non-dispersive infrared (NDIR) technology for 

measuring the concentration of the CO2 tracer gas.  This instrument included three input 

channels, as there were three sample inlets to the analyzer.  The rate at which the samples 

were analyzed and concentrations were reported was one data point per second.  By using 

Horiba’s DL-3000 software, the data was logged and stored in a computer. 

The repeatability, linearity and zero/span shift errors of the gas analyzer were 

0.5%, 1%, and 0.5% of the full scale value, respectively; while the sensitivity of the 
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instrument was less than 1%.  The resolution of the instrument was 1 parts-per-million 

(ppm).  The overall uncertainty was ±480 ppm equivalent to ±1.9% of the full scale value. 

For calibrating the gas analyzer, the system was first “zeroed” by a gas with tracer 

gas concentration equal to zero.  Next, a span gas with a known concentration of the 

tracer gas was flown into the gas analyzer.  By performing these two steps the analyzer 

recognized its linear calibration through these two concentrations.  In these experiments 

nitrogen was the zero gas and the span gas contained 22,450 ppm CO2 (equivalent to 

2.245% concentration).  The flow rate of the calibration gases and the experimental 

samples was 0.5 liter per min. 

The process consists of bringing the tracer gas concentration to a stable level 

inside the cooler when the door is closed and monitoring the concentration during the 

opening period.  After the closing of the door, the concentration in the room becomes 

uniform due to the operation of the fan and the convective motion of air.  The difference 

between the initial and final concentration at steady state conditions can be correlated to 

the amount of CO2 loss during infiltration.  This concentration can be related to the 

amount of cold air that leaves the cooler or the warm air that infiltrates into the cooler. 

Several probes were installed throughout the cooler for collecting samples to 

obtain a good representation of the average CO2 concentration inside the cooler as shown 

in Figure 3.  These collected samples were taken to the gas analyzer for data logging.  

Suction pumps drew the mixture of tracer gas and air from the desired points and 

transferred it to the gas analyzer.  The pumps were installed between the sampling probes 

and the gas analyzer to force the samples into the analyzer.  Each gas analyzer channel 

requires its own dedicated pump. 
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Figure 3  Location of probes corresponding to second and third gas analyzer channels 

 

The outside area where the warm air was infiltrating into the cooler was a 

controlled environment room.  To retain accuracy of the data, the CO2 concentration had 

to be monitored inside this room on the first channel of the gas analyzer.  The maximum 

amount was only about 6% of the total amount of the initial tracer gas, and is accounted 

for throughout the calculations.  25% of the cooler was filled with food products yielding 

a cold air volume of 630 ft
3
 (17.8 m

3
) with a total cooler volume of 842 ft

3
 (23.8 m

3
).  The 

outside room is conditioned at several temperature and relative humidity combinations as 
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described in the results section.  Another parameter investigated was the fan speed that 

varied from zero to 100% capacity.  The temperature of the cooler was recorded in time.  

However, the infiltration was only initiated when the cooler temperature was stabilized at 

35
o
F (2

o
C).  Furthermore, the varying air density inside the cooler was used to capture 

some of the transient nature of the infiltration process in the conventional methods.   

The PIV equipment consisted of a 200 millijoules (mJ) per pulse, dual-head, 

pulsed neodymium-doped yttrium aluminium garnet, also known as Nd:YAG, laser.  This 

laser with five nanosecond pulse duration was used to instantaneously illuminate 

approximately a 127 millimeter (mm) or 5 inch square field of view in the flow.  The laser 

light was passed through suitable optics to form a light sheet with approximately one mm 

thickness.  The flow was seeded with 0.2-0.3 micrometer (μm) particles consisting of a 

mixture of glycerin and water.  The laser light scattered from the seeded particles was 

imaged on a camera with a 1,008 by 1,018 pixel charged-couple device array.  The 

images were processed with PIV PROCessing code, which is a correlation-based 

processing software developed by Wernet (1999) that utilizes sub-region shifting and 

multi-pass correlation.  A 64 by 64 pixel region was used on the first pass and a 32 by 32 

pixel region with 50% overlap was used on the second pass.  Figure 4 show the setup for 

the visualization experiment via PIV. 
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Figure 4  Camera mount for the sliding door (left photo), and the class IV Nd:YAG laser 

and lens mount (right photo) 
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V.    Results 

We have considered the following four cases for this work:  

a. Conditioned Space 75
o
F (24

o
C) and RH=55% 

b. Conditioned Space 80
o
F (27

o
C) and RH=60% 

c.    Conditioned Space 84
o
F (29

o
C) and RH=82% 

d. Conditioned Space 115
o
F (46

o
C) and RH=14% 

[a-d.   Cooler always at 35
o
F (2

o
C)] 

The results of the tracer gas method were compared with Tamm’s, Gosney’s, and 

Cleland’s models.  Since these models do not represent the transient exfiltration process 

considered in this work, a few of their predictions have been presented for completeness. 

Tamm, Gosney, and Cleland model prediction for Case a are presented in Figures 

5, 6, and 7.  It is evident that these models are steady state without accounting for time.  

They may have adequate value for predicting the exfiltration rate in very large 

warehouses.  However, accuracy also depends upon the time interval that the door is left 

open.  That is to say that the infiltration rate is quite large at the beginning where a large 

amount of cold air is lost in a few minutes, therefore, invalidating any steady state 

approach.  It seems that the Gosney model predicts somewhat lower infiltration rates.  

Cleland’s model over-predicts the infiltration by a factor of 4 compared to the other two 

models.  This model is based on the analogy between the infiltration phenomenon and the 

orifice flow.  However, it can be further corrected for abrupt expansion (into the outside 

room) which lowers the over-prediction by 25%.  The results of the Cleland’s model are 

shown in Figure 7.  It can be seen from Figures 5-7 that these models predict about 10% 
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lower infiltration if the fan stops while the door is open.  This is not the case in actual 

measurements. 

 
Figure 5  Tamm’s model prediction for Case “a” 
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Figure 6  Gosney’s model prediction for Case “a” 

 

 
Figure 7  Cleland’s model prediction for Case “a” 
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Figure 8  Tracer gas method predictions 

 

The result of the tracer gas method is shown in Figure 8.  Based on the tracer gas 

model, only 5% of the infiltration difference can be attributed to fan speed.  Furthermore, 

the transient nature of the infiltration is captured in this method.  The infiltration as a 

function of time must asymptotically approach zero and that is when there are no 

temperature or humidity gradients between the inside cooler and outside air.  The area 

under the curve, 


 dt
dt

d

time

represents the total volume (mass) of air displaced.  This 

value cannot exceed the initial volume of air inside the cooler.  The earlier models do not 

consider a finite volume for the cooler, and therefore, cannot accurately account for walk-

in coolers less than the size of big warehouses.  Furthermore, based on the tracer gas 

results shown in Figure 8, the area under the curve can be calculated to be about 640 ft
3
 

which is very close to the earlier calculations of the empty (cold air) volume inside the 
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cooler.  This verifies the decaying nature of the infiltration for the cooler as the inside and 

outside air come into equilibrium. 

The results for other cases demonstrate similar trends and we only present a few 

of them.  However, the exfiltration results by the tracer gas method for Cases b and c are 

presented in Figures 9 and 10.  The experimental results yield no definite indication that 

fan speed affects the infiltration rate significantly.  However, it was found that the fan-off 

scenario does not necessarily reduce the infiltration rate.  In fact, for case d, it was found 

that the 50% fan had the lowest exfiltration rate.  We can postulate that the existence of 

air motion (momentum) inside the cooler may be designed to reduce the exfiltration 

process.  This may be due to the existing flow parallel to the door which may prevent the 

cold air from moving outside. 

 
Figure 9  Tracer gas method predictions for Case “b” 
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Figure 10  Tracer gas method predictions for Case “c” 

 

 
Figure 11  Tracer gas method predictions for Case “d” 
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Figure 12  CFD and experimental Tracer Gas result comparison at fan speed = 0 

 

CFD simulation for the infiltration problem in a walk-in cooler was performed 

from the first principle.  The tool used is a full incompressible Navier-Stokes with an 

energy equation and natural convection from buoyancy forces.  The 3D code is an in-

house computer program based on a finite volume discretization of the incompressible 

Navier-Stokes equation using the artificial compressibility method and the Roe flux-

difference splitting with a third order limiter.  The time marching method is fully implicit 

and the solution is obtained with the highly efficient LU-SGS (Lower-Upper Gauss-

Seidel) method of Yoon and Jameson (1987).  For time-accurate calculation, the dual-

time stepping method is used. This is a newly developed code that can be further used for 

studies of coolers and air curtains.   
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Case a was simulated in 3D by the CFD code.  A large adjacent room to the walk-

in with temperatures of 75
o
F (24

o
C) was used as the boundary condition next to the 

doorway.  The CFD calculation was carried out in a time-accurate manner for at least 100 

seconds.  During this period, the gas flow out of the door was tracked as a function of 

time.  At the end of the simulation, the volumetric flow rate is integrated to give the total 

flow rate out of the cold room, which is compared to the volume of the cold room as a 

reference.  Figure 12 compares the CFD results with the experimental results.  In both set 

of results, the volumetric flow rate initially drops rapidly until the outgoing gas volume 

approaches the cold room volume, then starts fluctuating.  This is due to the entrainment 

of the warm gas into the cold room by natural convection which replaces the cold air 

exiting the room. 
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VI. Velocity Profile at the Doorway 

 In the particle image velocimetry (PIV) technique, an ND:Yag laser is used in 

combination with sheet generating optics to illuminate the cross-section of the flow of 

interest.  The flow is then seeded with reflective particles of composition small enough to 

accurately follow the flow.  Upon illumination, the particles within the laser sheet reflect 

laser light.  A camera situated at 90 degrees from the incident laser sheet captures the 

images within the laser sheet.  These sequential images are recorded in a 5in by 5in 

(13cm by 13cm) interrogation window, and post-processed, as explained below, to obtain 

the velocity and streamline fields. 

The FlowVision implementation of the PIV method is the cross-correlation 

technique, implying that sequential pairs are processed to produce a velocity field.  For 

each sequential pair, a small interrogation window subsamples a portion of each of the 

images at the same locations. A  cross-correlation is then performed, resulting in a 

calculation of the average shift of particles within the interrogation windows.  This 

interrogation is then, through calibration, converted into a velocity vector.  The 

interrogation window is systematically moved through the sequential images to produce a 

vector field.  Once the vector field is obtained through time, they are averaged to produce 

the mean velocity flows and streamlines.  For the present experiment, a 768 by 480 pixel 

camera acquired images at 30 frames per second.  A 120-mJ ND:Yag laser is used to 

create a laser sheet and illuminate the area of interest.  These interrogation windows are 

then assembled to map the centerline of the door height Navaz et al (2002). 

In this experiment the PIV flow visualization technique is used to map the 

velocity profile and magnitude during infiltration.  The process of capturing a 5in by 5in 
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(13cm by 13cm) interrogation window mentioned previously is repeated to capture 

images along the height of the sliding door opening in the mid-plane.  A total of 17 

frames were plotted and stitched together using Tecplot™, a CFD visualization software, 

and the results are shown in Figure 13.  This image is consistent with the previous 

schematics shown in Figure 14 from the ASHRAE (2009) handbook.  The maximum 

velocity occurs at the lower section of the doorway and the outside warm air infiltrates 

into the cooler from the upper portion of the door.  Figure 15 shows that the maximum 

velocity is about 2 ft/s (61 cm/s) in the horizontal direction.  The results indicate that the 

maximum vertical velocity component occurs at the upper level of the doorway by the 

warm air that is entrained into the cooler, as shown in Figure 16. 

 

Figure 13  Velocity vectors (profile) during the infiltration mapped by PIV technique 
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Figure 14  Theoretical profile form ASHRAE Handbook - Refrigeration, 13.4, Flowing 

Cold and Warm Air Masses for Typical Open Freezer Doors 
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Figure 15  Horizontal velocity contours during the infiltration by PIV technique 

 

Figure 16  Vertical velocity contours during the infiltration by PIV technique 
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VII. Conclusions & Recommendations 

 The tracer gas technique was successfully implemented to measure the infiltration 

rate of a typical walk-in cooler subject to different temperature and relative humidity 

combinations, resulting in different gradients across the cooler doorway.  It was found 

that higher temperature gradient increases the infiltration rate.  It was also concluded that 

the tracer gas method captures the transient nature of infiltration unlike any other 

previously used models.  The velocity profile at the doorway that has never been captured 

was determined by flow visualization technique of Particle Image Velocimetry (PIV).  

A tool is recommended for industry to accurately measure the infiltration through 

a doorway of walk-in coolers/freezers.  A scale modular model is to be built to allow 

individual parameters to change while holding all others constant to understand the 

impact of different dimensions; doorway area, temperature, relative humidity, and 

evaporator fan speed.  Using the tracer gas method, infiltration will be quantified for 

various scenarios.  Using this data, a closed form solution will be generated.  This tool 

will be straightforward for industry to use, allowing them to accurately quantify 

infiltration and can alter inputs to understand which parameters can change to increase 

efficiency. 

Understanding the affects of parameters in relation to one another will help define 

better standards and methods of testing for industry and manufacturers of walk-in 

coolers.  The practical benefit from additional research using data from a modular test 

setup will be an engineering computer tool that can predict the amount of infiltration 

accurately without expensive testing.  To further use the algorithm of the engineering 

tool, a program could be coupled to a sensor that can track and calculate the cooling load 
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deriving from infiltration during normal operating conditions and possible reduction in 

infiltration rate.  A logging of the events (an example as shown earlier in Figure 1) could 

show how much infiltrating air must be refrigerated back to the determined temperature, 

which is directly related to the majority of the cooling load if the walk-in is frequently 

visited. 

The results of future research will also determine the effect of the ratio dimensions of 

the walk-in to the door, the temperature gradient, the fan speed and the relative humidity, 

which will provide recommendations for optimal operation to benefit manufacturers and 

users alike. 
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VIII. Nomenclature 

A =  Doorway area 

Ci =  Mass fraction 

Co =  Orifice coefficient  

g =  Gravitational acceleration 

h =  Enthalpy 

KL =  Corrective factor 

M =  Molecular weight 
m  =  Mass flow rate  

n =  Number of moles 

P =  Pressure 

Q =  Volumetric (Infiltration) flow rate 

q =  Sensible and latent refrigeration load 

RH =  Relative Humidity  

s =  Ratio of warm air density to cold air density 

T =  Temperature  

u =  Horizontal component of velocity 

v =  Vertical component of velocity  

W =  Width 

y =  Mole fraction  

 

Special characters 
  =  Air volume inside cooler 

ρ =  Density 

ω =  Humidity ratio 

 

Subscripts 

Cleland =  Derived by D. Cleland 

CO2  =  Carbon Dioxide 

da  =  Dry air 

inside    =  Air or volume inside the walk-in (refrigerated) 

mix  =  Mixture of CO2, dry air and vapor 

outside  =  Air or volume outside the walk-in (ambient) 

Tamm  =  Derived by W. Tamm 

v  =  Vapor 
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Appendix A – Infiltration Data 

Results and Quantification of Infiltration Rates Using Tracer Gas Method 

To be precise in these analyses, although the tracer gas concentration was very 

small and had no or very minor effect on the air mixture density, it was included in time 

varying density calculations.  Figure A-1 shows the infiltration rate as a function of the 

time that door stayed open and fan speed when the adjacent condition was 75°F DB and 

55% RH.  Each infiltration rate curve is a compilation of the infiltration that occurred at 

various points (3 seconds, 10 seconds, 30 seconds etc.) for each of the testing conditions 

(where the selected ambient conditions and different fan speeds were investigated).  It 

shows that the initial infiltration rate started at 39 ft
3
/second, and the significant portion 

of the infiltration process continued for 122 seconds.  It should be noted that as the 

infiltration rate decays, the volume of cold air left in the cooler also reduces.  The amount 

of cold air left inside the cooler can be calculated (represented) by the area under the 

infiltration rate curve.  The infiltration rate asymptotically goes to zero as the door-open 

time period increases in all test cases.  For instance, it takes approximately 5 minutes of 

door opening to have the entire cold air in the cooler to be replaced by outside air.  This 

concept has been mathematically explained in Appendix F.   

As expected, the initial infiltration rate was the maximum rate and it started to 

decrease as the door open time was increased.  In fact, 75% of the infiltration occurred 

during the first 30 seconds from the time that the door was opened and left opened. 

Calculating the area under the curve or total infiltrated volume, yeilded a result of 640 ft
3
, 

which was very close to the total empty volume of the walk-in cooler.  This verified the 

method that indicated the decaying nature of the infiltration for the cooler as the inside 
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and outside air reached equilibrium.  In addition Figure A-1 shows that the fan speed did 

not seem to play a major role in infiltration process.  In effect, only 5% of the infiltration 

difference could be attributed to the fan speed, which was within the experimental errors. 
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Figure A-1 Infiltration Rate as a Function of the Time Door Stands Open and Fan 

Speed For 75°F Dry-Bulb and 55% Relative Humidity – Tracer Gas Method 

 

Figure A-2 depicts the infiltration rate as a function of the time that door stayed 

open and fan speed when the adjacent condition was 80°F DB and 60% RH.  Comparing 

Figure A-1 and Figure A-2 revealed that the initial infiltration rate has increased as a 

result of increased temperature difference between the cold walk-in and warm adjacent 

space.  The infiltration process also occurred for a shorter period of time, which means 

that the initial infiltration rate was greater than the previous case. That is, the initial and 

maximum infiltration started at around 41 ft
3
/seconds, and the infiltration process 



 35 

continued for about 105 seconds.  In addition, Figure A-2 shows that the fan speed did 

not seem to play a major role in infiltration process. 

0

10

20

30

40

50

60

70

80

0 100 200 300 400 500 600

In
fi

lt
ra

ti
o

n
 R

at
e 

(f
t³

/s
)

Time (sec.)

Tracer Gas Method - Fan Off

Tracer Gas Method - 50% Fan

Tracer Gas Method - 75% Fan

Tracer Gas Method - 100% Fan

 
Figure A-2 Infiltration Rate as a Function of the Time Door Stands Open and Fan 

Speed For 80°F Dry-Bulb and 60% Relative Humidity – Tracer Gas Method 

 

Figure A-3 shows the infiltration rate as a function of the time that door stayed 

open and fan speed when the adjacent condition was 84°F DB and 82% RH. Comparing 

Figure A-2 and Figure A-3 showed that the total infiltration in the 600 seconds time 

period has decreased. This decreased infiltration was attributed to increased humidity of 

the air in the adjacent space (82% RH vs. 60% RH), although the DB temperature was 

slightly higher (84°F vs. 80°F). The humidity of the adjacent space had an adverse effect 

on the infiltration. Additionally, the fan speed did not seem to play a major role in 

infiltration process (Figure A-3). 
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Figure A-3 Infiltration Rate as a Function of the Time Door Stands Open and Fan 

Speed For 84°F Dry-Bulb and 82% Relative Humidity – Tracer Gas Method 

 

Figure A-4 shows the infiltration rate as a function of the time that door stayed 

open and fan speed when the adjacent condition was 115°F DB and 14% RH. As shown, 

the increased air temperature in the adjacent space did increase the infiltration rate. With 

the initial infiltration rate of about 65 ft
3
/seconds, the initial infiltration rate was highest 

compared to the other three adjacent space conditions. This was mainly due to the 

increased density gradient. Another interesting result was found when the fan was 

operating at 50% capacity during the infiltration. The tracer gas method predicted about 

20% less infiltration for the fan off condition during the first 15 seconds of the process. 

Therefore, the impact of the fan speed during the infiltration process was primarily a 

function of temperature difference between the warm adjacent space and cold refrigerated 

space. 
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Figure A-4 Infiltration Rate as a Function of the Time Door Stands Open and Fan 

Speed For 115°F Dry-Bulb and 14% Relative Humidity – Tracer Gas Method 

Comparison of Infiltration Rates (Tracer Gas vs. Common Methods) 

 

This section compares the estimated infiltration rates using Tamm’s, Gosney’s 

and Cleland’s methods (plots are included in Appendix F) with results obtained from the 

tracer gas method.  Comparisons were made for four different adjacent space DB and RH 

conditions under four different fan speed scenarios. 

The comparison revealed that the previous models or methods did not account for 

changes in densities inside and outside of the walk-in cooler as a function of time.  In 

addition, they did not take into account the net air volume inside the walk-in cooler.  The 

net air volume refers to the total interior volume of the walk-in minus the volume that is 

occupied by the food products and equipment like evaporator coil inside the walk-in.  

Since the air volume inside the walk-in is predetermined and finite, any changes in the 

net volume will change the available air volume to be displaced or exchanged between 
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adjacent warm space and refrigerated space.  As a result therefore, since the earlier 

models do not consider a finite volume for the cooler, they were not acurate for the entire 

time period in which the infiltration process took place.  

Due to earlier models’ inability to account for finite volume and density 

variations, they will fail after a certain threshold. Both Tamm’s and Gosney’s model 

under-predicted the infiltration rates.  For total infiltration volume, it seemed that both 

Tamm’s and Gosney’s model predictions may be correct for the first 30-40 seconds of 

infiltration process.  However, both models were invalid for longer times.  Cleland’s 

model over-predicted the initial infiltration significantly and was therefore only valid for 

a shorter period of time: approximately 15-20 seconds.  Cleland used an orifice analogy 

to utilize the standard flow meter equation with the calibration factor.  After modifying 

the original model for abrupt expansion effect, the over-prediction reduced to 35% less 

than the original equation.  In Cleland’s model the effect of fan speed was embedded in 

the pressure difference.  Tamm and Gosney did not include this effect. 

Natural Infiltration Rate (Natural Decay) 

Figure A-5 shows the loss of adjacent space air in the walk-in cooler due to 

natural infiltration.  The decay of the adjacent air space in the walk-in cooler was directly 

proportional to the decay of the CO2 concentration.  The embedded figure (left bottom 

corner of Figure A-5) is a magnification of the earlier stages.  It appeared that the natural 

infiltration was linear in time and also a function of fan speed, temperature and humidity 

differentials between the outside and inside air.  The data has been extrapolated beyond 

the original data points (see Appendix C).  The natural infiltration took place over a  
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longer time frame as compared to the infiltration that occurred after the door was opened 

for  20-30 seconds.  This signified the importance of well-sealed and insulated system. 

 
Figure A-5 Natural Decay in the Cooler (closed door and stabilized system) as a 

Function of Fan Speed and Adjacent Space Dry-Bulb Temperature and Relative 

Humidity 

 

Impact of Door Type (swing vs. sliding) on Infiltration 

Several experiments were performed to measure the infiltration through swinging 

or hinged type door and the results were compared to the infiltration obtained using 

sliding type door (Figure A-6).  The results revealed that the infiltration were consistent 

for the first 40 seconds but then began to differentiate.  This was attributed to the layout 

of the room, resulting in a more corridor-like entrance before the door.  There was less 

abrupt expansion when compared to the environmentally controlled room off the sliding 

door.  The reduced expansion was partially attributed to fan offset farther away from the 
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sliding door.  Nonetheless, the infiltration through the swinging door was very similar to 

those conducted earlier. 
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Figure A-6 Infiltration Comparison for Sliding and Swing Type Doors at the Same 

Conditions (full speed fan and adjacent space condition of 75°F dry-bulb and 55% 

relative humidity) 

 

Impact of Strip Curtains and Door Gasket on Infiltration 

The impact of strip curtains and door gaskets on the infiltration were also 

measured.  As shown in Figure A-7, the natural decay was seen as a linear trend when the 

cooler remained closed for a significant duration of time.  To simulate a poor gasket seal, 

the swinging door was propped open.  The gasket continued to touch the perimeter of the 

doorway, but was not pressed down to complete the seal.  As shown, infiltration 

increased for the poor gasket condition when compared to the natural decay profile.  For 

strip curtain test scenario, a vinyl strip curtain was installed and the sliding door was left 

open and undisturbed for the test duration. Comparing infiltration with and without the 
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strip curtains showed that the strip curtains minimize the infiltration as the door remains 

open. 
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Figure A-7 Infiltration Comparison of Strip Curtain and Door Gasket Seal (adjacent 

space condition of 75°F dry-bulb and 55% relative humidity, and full fan speed) 

 

Impact of Strip Curtains and Door Passages on Infiltration 

The complete infiltration data was plotted on the same graph to show the upper 

bound of the problem.  In-and-out traffic was introduced to the strip curtain with the 

sliding door remaining open for 30 seconds.  Strip curtains (ones that are free of defects 

and properly installed) did significantly reduce infiltration of outside air into the cooler as 

seen on Figure A-8. 
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Figure A-8. Infiltration Comparison between No Barrier and Strip Curtain with 

In/Out Traffic (adjacent space condition of 75°F dry-bulb and 55% relative 

humidity, and full fan speed) 

 

Impact of Door Opening Area on Infiltration 

Since the sliding door could be manually left in any position on its track, the door 

was left at four different increments of width for ten seconds while infiltration rates were 

measured.  Figure A-9 indicates a slower pace of infiltration when 25% of the entire 

doorway area is available for infiltration.  The relationship between doorway area and the 

infiltration rate requires further investigation.  During the first 10 seconds of 100% door 

opening period (100% of the door area was available for infiltration process), 22% of the 

cold air was infiltrated out of the cooler.  This amount was reduced to 8% when 25% of 

the entire door area became available to the infiltration process. 

Visualized in Figure A-9, the curve that corresponds to the 100% door open 

shows a larger peak compared to the door opened at 75% of the width.  Both peaks are a 
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direct result from the physical closing of the sliding door.  The closing is most abrupt for 

the 100% of door width to keep the consistent 10 second time frame from one width to 

another.  The flow of air in the cooler is governed by Navier-Stokes equations 

demonstrating elliptic behavior. Therefore, any disturbance (like the door closing) in the 

flow is experienced through fluctuation in the tracer gas measurement.  This “weak” 

disturbance is expected to be diminished and damped after a few seconds.  
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Figure A-9 Infiltration Comparison between Different Door Positions (adjacent space 

condition of 75°F dry-bulb and 55% relative humidity, and full fan speed) 

Impact of Cooler’s Utilization Volume on Infiltration 

 

Previously-used models did not consider the finite volume of the cooler and 

assumed a steady state solution.  The tracer gas technique measured the concentration and 

the infiltration in real time, capturing the transient nature of the entire process.  

Subsequently, a parametric study was performed for one case to demonstrate the effect of 

the finite air volume inside the walk-in cooler.  Figure A-10 shows that if the cooler was 



 44 

filled with food products, less air would become available for infiltration causing a 

reduction in the infiltration rate.  Furthermore, if the cooler was completely filled with 

food products there will not be any cold air available to be infiltrated out. 

 
Figure A-10 Infiltration Rate as a Function of the Volume of Cold Air Inside the Walk-

In Cooler – Parametric Studies (adjacent space condition of 75°F dry-bulb and 55% 

relative humidity) 
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Appendix B – Calculations of Mixture Density of Air 

The mixture of gases is composed of CO2, dry air (da), and water vapor (v).  The mixture 

density is given as: 
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The density of each constituent is obtained from the ideal gas law with the corresponding 

gas constants as: 
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The mole fraction of CO2 in time can be obtained from Figures A-1 through A-4 (or 

similar figures).  If y represents the mole fraction, )(
2

tyCO as a function of time  t  is 

known.  

The humidity ratio can be obtained from the temperature and RH. Let us designate the 

symbol   to humidity ratio. So: 
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The mole fraction of water vapor and dry air can be obtained as: 
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However, these mole fractions are based on 1 mole of the dry air and vapor mixture.  We 

have only )(1
2

tyCO moles available, therefore the mole fraction of each constituent 

becomes: 
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The mass fractions of each constituent can be obtained according to the following 

formulas: 
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The specific heat of the mixture to be used in Gosney’s equation (2) can be calculated as: 
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The enthalpy difference for Equation 2 is calculated as: 
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Where ri  and  refer to the inside and outside conditions, respectively. 
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Appendix C – Natural Infiltration Through Unsealed Areas 

The test conditions and the frequency of data collected for natural infiltration (or decay of 

CO2) concentration inside the cooler is shown in Table C-1. 

 

Table C-1 Original number of data points from captured natural decay of the 

temperature/relative humidity profiles at different fan speeds 

Type of Test - Fan Speed 

(DB/RH) 

Original Number of  Data Points  

(1 data point per second) 

decay - 100% fan (75/55) 2320 

decay - 75% fan (75/55) 800 

decay - 50% fan (75/55) 660 

decay - 100% fan (80/60) 1998 

decay - 75% fan (80/60) 458 

decay - 50% fan (80/60) 458 

decay - 100% fan (84/82) 960 

decay - 75% fan (84/82) 914 

decay - 50% fan (84/82) 540 

decay - 100% fan (115/14) 1250 

decay - 75% fan (115/14) 600 
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Appendix D – Finding Tracer Gas  
Concentration Gradient in Time 

 
Figure D-1 Concentration variation before and after the infiltration for several 

periods of time that the door stands open-75°F and 55% RH 

 

 
Figure D-2 Concentration variation before and after the infiltration for several 

periods of time that the door stands open - 80°F and 60% RH 
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Figure D-3 Concentration variation before and after the infiltration for several 

periods of time that the door stands open - 84°F and 82% RH 

 

 
Figure D-4 Concentration variation before and after the infiltration for several 

periods of time that the door stands open - 115°F and 14% RH 
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Appendix E – CFD Analysis 

In order to identify the regions in the walk-in cooler (without any food inside) 

when one fan is running and the doors are closed, the temperatures of different points 

inside the cooler were tracked with time. An initial uniform temperature of 25
o
C was 

cooled down after the fan started blowing cool air from the evaporator. Figure E-1 

presents the 14 points that the temperatures are tracked with time. 

 

Figure E-1  Location of tracking points 
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The Reynolds Stress turbulent model was utilized in the CFD simulation. The 

contour plots of temperatures at selected sections are shown in Figure E-2 and E-3. The 

selected section of Figure E-2 passes vertically through the center of the running fan, 

while in Figure E-3, one plane passes vertically through the running fan and the other is 

horizontally positioned 6.6 ft (2 m) below the fans. 

 

 

Figure E-2  Temperature contours at the evaporator exit and at the plane passing 

vertically through the running fan. 
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Figure E-3 Temperature contours at the exit of the evaporator and at the plane 

passing horizontally through the running fan and 6.6 ft (2 m) below.  

 

The results indicate that the corner located near the ceiling and on the fan side has 

the lowest temperature; the point near the floor on the opposite side of the running fan 

experiences the highest temperature. 
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Appendix F – Infiltration Rates for  
Various Adjacent Space Conditions 
 

Adjacent Space Condition: 75
o
F and 55%RH 

 

Figure F-1   Tamm’s original equation [constant density] (left) and modified equation 

[variable density] (right) for case “a” 

 

 

Figure F-2    Gosney’s original equation [constant density] (left) and modified equation 

[variable density] (right) for case “a” 
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Figure F-3     Cleland’s original equation with constant density (left) and with variable 

density (right) for case “a” 

 

 

Figure F-4     Cleland’s modified equation with variable density [adjusted for abrupt 

expansion] for case “a” 
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Figure F-5      Density variation inside and outside the cooler at different fan speeds for 

case “a” 
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Adjacent Space Condition: 80oF and 60%RH 

 
Figure F-6      Tamm’s original equation [constant density] (left) and modified equation 

[variable density] (right) for case “b” 
 

 

Figure F-7     Gosney’s original equation [constant density] (left) and modified equation 

[variable density] (right) for case “b” 
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Figure F-8      Cleland’s original equation with constant density (left) and with variable 

density (right) for case “b” 

 

 
Figure F-9      Cleland’s modified equation with variable density [adjusted for abrupt 

expansion] for case “b” 
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Figure F-10    Density variation inside and outside the cooler at different fan speeds for 

case “b” 
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Adjacent Space Condition: 84oF and 82%RH 

 
Figure F-11      Tamm’s original equation [constant density] (left) and modified equation 

[variable density] (right) for case “c” 

 

 
Figure F-12       Gosney’s original equation [constant density] (left) and modified 

equation [variable density] (right) for case “c” 
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Figure F-13      Cleland’s original equation with constant density (left) and with variable 

density (right) for case “c” 

 

 

 
Figure F-14      Cleland’s modified equation with variable density [adjusted for abrupt 

expansion] for case “c” 
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Figure F-15     Density variation inside and outside the cooler at different fan speeds for 

case “c” 
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Adjacent Space Condition: 115oF and 14%RH 

 
Figure F-16     Tamm’s original equation [constant density] (left) and modified equation 

[variable density] (right) for case “d” 

 

 
Figure F-17      Gosney’s original equation [constant density] (left) and modified 

equation [variable density] (right) for case “d” 
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Figure F-18     Cleland’s original equation with constant density (left) and with variable 

density (right) for case “d” 

 

 
Figure F-19     Cleland’s modified equation with variable density [adjusted for abrupt 

expansion] for case “d” 
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Figure F-20    Density variation inside and outside the cooler at different fan speeds for 

case “d” 

 

Infiltration is the amount of warm air entering into the cooler and is equal to the 

exfiltration of cold air leaving the cooler (concept of infiltration/exfiltration is based on 

conservation of volume).  Therefore, we use these terms interchangeably. 

The infiltration rate is the measurement of warm air entering the cooler in time.  

Using Figure F-21 as a typical measurement of the infiltration rate, we can state that if a 

unit volume of infiltrated air is considered at two different time intervals, they do not 

contain the same amount of cold air.  The “pace” by which cold air that is moving outside 

the cooler changes with time.  For instance at 60 seconds, the infiltration rate of cold air 

moving out or cold air is ≈ 3 ft³/s. 
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Figure F-21 Typical infiltration rate curve obtained by measurements 

 

By referring to Figure F-21, it can be seen that the infiltration rate goes to 0 as 

time (t) approaches .  If the door is left opened for a long time (e.g. 10 minutes), the 

entire cold air volume exits the cooler and is  replaced by warm air (as the rate of 

discharge goes to zero).  This is different from the total amount of air (mass or volume) 

that is displaced.  The total amount of air displaced is calculated by taking the area under 

the infiltration rate curve. 
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Figure D-1 represents the total amount of cold air left in the room.  With reference 

to Figure F-21, we select an arbitrary time (t1) during which the door is left opened.  We 

have with  representing the volume and volume per unit time (Volumetric 

infiltration/exfiltration rate): 
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(F-1) 

 

The mass flow rate can be obtained by multiplying these amounts by the density 

(that is near constant). At 120 seconds of door opening interval (Figure F-21), the area 

under the tail end of the infiltration rate curve represents the amount of cold air remaining 

inside the cooler. 

 


