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INTERIM REPORT
ON

CHILLED AIR DISTRIBUTION IN REFRIGERATED TRAILERS

by

P. R. Achenbach, J. W. Grimes and R. J. Dockery

1 . INTRODUCTION

As a supplement to the study of testing and rating methods
for refrigerated trailers conducted by the National Bureau of
Standards in cooperation with the U.S. Department of Agriculture,,
the Quartermaster Research and Engineering Command,, and the Truck-
Trailer Manufacturers Association,, an investigation was undertaken
of methods by which the distribution of chilled air around the
cargo in such trailers could be made more effective in maintaining
the desired temperatures in the entire cargo. This study is being
sponsored jointly by the U.S. Department of Agriculture and the
National Bureau of Standards under USDA Agreement No. 12-25-010-978*
and amendments.

2. PROJECT OUTLINE

A broad outline of the work to be carried out in this study
was included in the agreement. Work on the project began in
January 1959 and it was anticipated that it would continue for at
least 3 years. The study was outlined as follows:

Part I - Devise instrumentation for measuring air velocity
and temperature patterns around frozen loads., and
temperatures of frozen products in refrigerated
trailers.

A. Devise thermocouple pattern for evaluating
temperature distribution of air, product.,
and cargo surface in a refrigerated load.

B. Study instruments of probe type for measure-
ments of air velocities in the range from
5-100 fpm at multiple stations in a re-
frigerated load - these measurements will
not necessarily be used on the road. Buy
or build them.

C. Study instruments for measuring the heat
transfer into or out of frozen products
during cyclic operation of the refrigera-
ting unit 'during laboratory and road tests.
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Part II - Study air distribution and temperatures in loaded
trailers in laboratory, using floor racks and wall
spacers

.

A. Two plug-type refrigerating units will be
modified to permit heat gain measurements in
trailers during laboratory and over-the-road
studies

.

B. Heat leakage tests on both trailers.

C. Internal air distribution under steady opera-
tion at 100°F, and 5

0

% Relative Humidity
ambient

.

1. Free air delivery and free return
a. Flat floor and wall spacers
b. Extruded floor and wall spacers
c. Floor racks and wall spacers.'

2. Free air delivery and controlled return
a. Extruded floor and wall spacers
b. Floor racks and wall spacers.

3. Controlled air delivery and free return
a. Extruded floor and wall spaces
b. Floor racks and wall spaces.

D. Internal air distribution under cyclic operation

1. Free air delivery and free return
2. Free air delivery and controlled return
3. Controlled air delivery and free return.

E. Study placement of control device under cyclic
conditions and the effect of starting and
stopping the fans.

Part III - Conduct test with steady and cyclic operation in the
laboratory using a trailer altered for cold wall
construction.

Part IV - Compare conventional and. modified air distribution
systems during road tests with frozen load in
identical trailers.

Part V - Study practicability of shipping subcooled frozen
foods in unrefrigerated, insulated vehicles.
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Part VI - Study air distribution and loading methods required
to absorb heat of evolution in trailers.

Part VII - Road tests of trailers studied in Part VI.

This interim report describes the work that has been done
under Part I (A, B, and C) and Part II (B, Cl, C2, and C3 )

.

3. TEST APPARATUS AND EQUIPMENT

The equipment for this study included two nominal 35-foot
trailers for low-temperature service furnished by two trailer
manufacturers, a heat-sink apparatus for measuring the cooling
load during the tests, a simulated frozen cargo, a thermocouple
system for measuring temperatures in the load, heat flow meters
for measuring heat exchange between the cargo and its surround-
ings, and specially-designed anemometers for measuring the air
velocity in the narrow air spaces surrounding the cargo.

A cargo of real frozen food was impractical for these studies
because it would have spoiled during the repeated freezing and
thawing cycles necessitated by the changes in test conditions.
Sweeping compound, consisting of a mixture of sand, sawdust, and
mineral oil, was chosen as a simulated load because it was found
to be the most economical material available having a density
and specific heat near to that for packaged frozen food.

Cardboard boxes of two sizes, 12x12x12 inches and 12x12x6
inches, were used to permit the desired type of loading pattern.
Each box was lined with aluminum foil to prevent absorption of
the mineral oil by the cardboard, and then filled with the sweep-
ing compound. The larger boxes weighed 40 lb after filling, and
the smaller ones about half as much. The specific heat of the
sweeping compound was computed to be approximately 0.35 Btu/lb(°F).
The entire load was comprised of 810 large boxes and 135 small
boxes totaling approximately 35; 000 lb in weight. The boxes were
placed in five layers, six rows wide, and in 27 stacks from front
to rear of the trailer as indicated in Figure 1. The small boxes
were used to provide the desired width of air space at the side-
walls of the trailer.

The cooling unit inside the trailer was mounted in the front
end and it discharged chilled air toward the rear over the load.
A plywood partition was placed between the cooling unit and the
load, and openings were made in the partition for the supply air
and return air. The opening for the supply air measured 12x12
inches and was in the center of the partition with the top edge of



the opening 6 inches from the ceiling of the trailer. Two return
air openings, 12x14 inches, with adjustable doors were provided
in the partition above the level of the top of the load, one
opening on either side of the supply air opening. Alternate re-
turn air openings were cut in the partition in the form of slots
adjacent to the sidewalls in addition to the openings provided
underneath the partition by the grooves in the corrugated floor.
The slot at each side of the partition was 38 inches high and 1
inch wide, and the grooves in the floor comprised an area of about
22 square inches. The cooling unit circulated air at a rate of
approximately 1,500 cfm with the two doors for return air open
and with no frost on the cooling coil.

3.1 Thermocouple System

Thirty of the one-cubic-foot boxes of the simulated load were
equipped with thermocouples to determine the temperature pattern
in the cargo. The thirty boxes were located in the 1st, 7th, l4th,
21st, and 27th stacks of boxes, counting from the front of the
trailer; in the bottom, middle, and top layers of the load; with
half of the total being adjacent to one wall of the trailer and
the other half being placed along the center line of the load.
The locations of these boxes are indicated in the three views gf
the trailer in Figure 1. A thermocouple was placed in the center
of each of the 30 boxes, and additional thermocouples wehe affixed
to the inside and outside of the cardboard walls of the boxes lo-
cated at the periphery of the load. Two or three such pairs of
surface thermocouples were used in the boxes located at a corner
of the load, one pair on each exterior exposure of these boxes.
The location of the thermocouples in -,a typical box with 3 exposures
at a corner of the load, iuh illustrated in Figure 2.

Other thermocouples were located in the discharge air opening,
in the return air opening to the cooling coil, in the air spaces
surrounding the load, and near the sidewall slots in the partition
separating the cooling coil and the cargo. Air temperatures were
also measured on the exterior of the trailer at each corner.

3.2 Heat Flow Meter System

Nine heat flow meters were placed in six of the boxes of
sweeping compound to measure the rate of heat exchange between
the load and the surrounding air at selected places. The loca-
tions for the heat flow meters are shown in Figure 1. The heat
flow meters were placed between the sweeping compound and the
foil lining of the boxes, parallel to the face of the box and
at the center of the face. The four boxes at the top center,
bottom center, rear center, and sidewall center of the load .were
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equipped with one heat flow meter each; whereas the other two boxes^
located at corners of the load, were equipped with two and three
heat flow meters, respectively. The location of the three meters
in one box is illustrated in Figure 2. The locations of the meters
in the load are identified in Table 1.

Table 1

Heat Flow Meter Locations

Meter No. Stack No. Layer Row

1, 2 14 Bottom Sidewall
3 14 Middle Sidewall
4 14 Bottom Center
5 14 Top Center

6 , 7 , 8 27 Bottom Sidewall
9 27 Middle Center

Each heat flow meter was separately calibrated at temperatures
of 84°F and 64°F to establish the magnitude of the temperature cor-
rection. The sensitivity of the various meters ranged from about
7 to 8 Btu/hr(ft) 2 per millivolt of emf.

3.3 Air Flow Meter System

A multiple-element air flow meter was designed, constructed, and
calibrated for remote measurement of air flow rates in small passages
at 20 different stations. The sensing elements employed the thermo-
couple anemometer principle and were designed to fit into a passage
of 1 square inch cross section with a minimum of obstruction to the
air flow. Figure 3 is a schematic drawing of the principal com-
ponents of the meter and the wiring circuits. By proper selection
of the heating current for the sensing elements in the range from
7 to 22 microamperes, the meter could be used to measure air flow
rates in the range from 10 to 1,000 fpm. Twenty-one of these ele-
ments were constructed and calibrated. Figure 4 is an average of
the calibration curves for the elements.

Sensing elements were installed at 8 stations in the air space
between the load and one sidewall, at one station in the air space
between the load and the back wall of the trailer, at 8 stations
in the grooves of the floor construction, and at 3 stations above
the top of the load. These stations are indicated in the three
views of Figure 1. Figure 3 shows one of the air flow devices
located in a groove of the trailer floor. Six of the elements in
the air space at the side of the load were installed so they could
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be rotated about a horizontal axis from outside the trailer to
determine the direction of maximum air velocity in the space.
Figure 6 is an exterior view of one side of the trailer showing
the air flow devices projecting through the wall.

4. TEST PROCEDURE

A heat leakage test was made of the empty trailer. For this
purpose, the interior temperature was maintained at 0°F and the
exterior conditions were maintained at a dry bulb temperature of
100°F and a relative humidity of 50 percent for a period of 50
hours after steady conditions were attained. The change in weight
of the trailer was also observed during this period.

The full load of simulated frozen cargo was allowed to come to
steady state temperature conditions for 8 different patterns of air
circulation inside the trailer. The return air temperature at the
cooling coil was controlled at 0°F and the ambient conditions were
maintained at a temperature of 100°F and a relative humidity of 50
percent. The variations in air distribution control are described
in Table 2. Each test was continued for approximately a week to
allow the load to attain a steady temperature representative of
the test conditions. The cooling coil was defrosted whenever a

return air temperature of 0°F could no longer be maintained. Warm
brine was circulated through the cooling coil and the blower was
shut off during the defrosting period.

5. TEST RESULTS

5.1 Heat Transmission of the Empty Trailer

The average heat transmission of the empty trailer during the
50-hour test at steady conditions in the laboratory was 8,600 Btu/hr,
or 86.0 Btu/hr (degree temperature difference) for the conditions
previously described. This value is nearly 1,000 Btu/hr less than
was observed on this same vehicle about 2 years earlier. However,
openings through the exterior skin of the trailer that were revealed
by a smoke test were sealed before making the latter measurements,
so a reduction in heat transfer was expected. The average weight-
gain rate during the test period was 0.42 .lb/hr whereas the rate of
weight gain during the earlier tests was more than twice this value.

5.2 Temperature Distribution in the Load

The steady state temperature distribution observed in the
simulated load for the 8 air distribution plans summarized in
Table 2 are shown graphically in Figures 7 to 14. The essential
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features of each distribution plan are illustrated in the diagrams
at the top of the figures. The figures show the variation in load
temperature from front to back of the trailer; along one sidewall
and at the center of the load; for the bottom,, middle, and top
layers of the load. The average air temperature at the inlet to
the cooling coil is also shown in the figures.

The temperatures in the load are also summarized in Table 3
for the 8 different air distribution plans on a stack average,
layer average, row average, and load average basis.

The following conclusions are indicated by the data in Figures
7 to 14 and Table 3.

1. Without air spaces at the sidewalls and floor, as in Plan 1,
the boxes on the floor in the back half of the trailer
reached a steady state temperature of about 50 °F, whereas
those in the top layer at the rear reached a steady state
temperature of about 20°F. The average temperature for
the entire load was about 25 °F.

2. Free delivery of the chilled air over the load from the
cooling unit did not adequately cool the cargo at the rear
of the trailer with a 1-inch air space at the sidewalls
and with the floor corrugations open. For these condi-
tions, the temperature difference between the cargo at the
front and rear of the trailer was about 30°F for either
direct return of the air over the load or return of the
air through the sidewall slots and floor grooves. These
results are shown in Figures 8 and 9 for air distribution
Plans 2 and 3.

3. The average temperature of the boxes was progressively
higher from the top to the bottom of the load for every
air circulation plan tried. The temperature difference
between the top and bottom layers on layer average basis
was 30. 9°F for Plan 1 and ranged from 12.7 to 17.9°P for
the other 7 plans with air spaces around the load. This
temperature distribution indicates that the 1-inch air
space at the sidewalls and the open floor grooves did - .

not permit enough air circulation around the load.

4. An open-end supply duct, centered over the load, either 8
feet or 16 feet long, cooled the boxes at the rear of the
trailer to within 3 to 5 degrees of the temperature ob-
served in those at the front. The warmest boxes were at
midlength of the trailer at all levels when the supply
duct was used. This temperature distribution pattern
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indicates that the supply duct should have had side out-
lets near midlength of the trailer.

5. A comparison of the test results for air circulation Plans
5 and 6 indicates that placing a plastic cover over the
load was accompanied by a reduction in average load tem-
perature of 2.5 degrees. The lowest average load tempera-
tures and the lowest box temperatures at the rear of the
trailer, in stack 27 , for all 8 plans were obtained with
the plastic cover over the load in Plan 6, but the magni-
tude of difference with respect to Plans 5 and 7 was not
large

,

6. Table 3 shows that the .lowest average temperatures for the
load were observed for air distribution Plans 3 and 6 , but
these were only slightly lower than the average tempera-
tures for Plans 4, 5, and 7.

7. The difference in temperature between the row of boxes
at the center of the load and one at the sidewalls was
6.3°F on the average for Plan 1 , without air spaces
around the load; but this average difference ranged be-
tween 0.9°F and 3.5°F for all the other air circulation
plans

.

5.3 Heat Transfer to and from the Load

The heat transfer between the load and the air or trailer
surfaces in contact with it was seldom steady during any of the
8 tests. The average values at the 9 heat flow meter locations
after the load had approached a steady state, ranged from 0 to
about 1.7 Btu/hr(ft)^. However, the chilled air circulation de-
creased as the amount of frost on the cooling coil increased, ac-
companied by a cyclic change and reversal of the direction of the
heat exchange between the load and the air at the stations most
readily affected by the air circulation. Extreme values of 2 to
3 Btu/hr(ft)^ in either direction were not uncommon at some heat
flow meter locations.

The three heat flow meters adjacent to the floor of the trailer
always indicated heat flow into the load regardless of the frost
conditions on the cooling coil and the method of air circulation
used. The heat flow meters on the top center and center of the
side of the load showed that the air was cooling the load most
of the time, but that reversals of heat flow occurred occasionally
at these stations between one defrosting and the next.

The indications of the several heat flow meters affixed to
the load are shown in Figures .15 and 16 for test 4 and Figures 17
and 18 for test 7 for a period of 100 hours or more in each case.
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Heat flow meters 3, 4, 5* and 9 indicated the heat flow rate at
the centers of four of the exposed areas of the load and meters
1 , 2 , 6 , 7 > and 8 indicated the heat flow at corner positions in
the load. As illustrated by these figures, the heat exchange be-
tween the load and the air varied more rapidly and reversed di-
rection more often when the chilled air was returned around the
load than when it was returned over the load.

The projected surfaces of the top and bottom of the load were
about 175 square feet each, and that of either side about 135 square
feet. If it is assumed that the heat flow indicated at the center
of each of these areas by the heat flow meter was representative
of that entire load surface, extreme values of heat transfer ap-
proximating 450 Btu/hr in either direction occurred at times be-
tween the top of the load and the chilled air during test 4. Like-
wise, heat was transferred from the floor to the load at a fairly
steady rate of about 175 Btu/hr during the same test. The heat ex-
change rates between the load and the chilled air were significantly
lower during test 7 as indicated by Figures 17 and 18. Average
values of about 0.5 Btu/hr(ft )

2 in opposite directions occurred at
top center and back center of the load", and the rates were even
lower at the floor and sidewall.

5.4 Cooling Load of Loaded Trailer

The total cooling effect produced by the cooling coil inside
the trailer was computed from the measured brine flow rate and the
temperature rise of the brine between inlet and outlet of the
trailer. This gross cooling capacity was reduced by the heat
equivalent of the electric energy used by the blower motor and
the electric reheat used to control the return air temperature
to the cooling coil. The net cooling effect, so obtained, was
the algebraic sum of the heat transmission through the trailer
walls, floor, and roof and any heat transfer between the chilled
air and the cargo.

The net cooling effect computed for the period of analysis
when the cargo was at a nominal steady state condition was about
5,300 Btu/hr for Plan 1 when the cargo was in contact with the
walls and floor of the trailer, and ranged from 6,800 to 9*600
Btu/hr for the other 7 plans of air circulation for ambient con-
ditions of 100°F dry bulb temperature and 50/ relative humidity.

In each test, the return air temperature to the cooling coil
was controlled at 0°F within a tolerance of about ±1 degree. It
was observed that the net cooling effect was not steady between
defrosting periods. As frost accumulated on the cooling coil,
the air circulation rate decreased and the temperature of the
chilled air leaving the cooling coil had to be lowered to maintain
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a constant return air temperature. Thus the portions of the load
near to the cooling coil discharge gradually became colder as the
cooling coil became loaded with frost. It is probable that the
mean temperature difference between inside and outside the trailer
also increased somewhat as the cooling coil became loaded with
frost. Further analysis of the temperature changes in the load,
change in chilled air temperature, and quantity will be required
to correlate these variables with changes in the net cooling load.

6 . FUTURE TESTS

In future tests, floor racks on top of the extruded trailer
floor and air spaces at the sides and rear of the load up to 3
inches in width will be used to increase the air circulation around
the load. The return air openings in the partition between the
cooling coil and the load will be enlarged at the floor and walls
to reduce the restriction to air flow. A trailer will be modified
to provide built-in channels for air circulation around the load.
The tests will be directed toward a determination of the essential
requirements with respect to supply ducts, floor racks, and air
spaces around the load for adequate cooling of all parts of a

frozen cargo.

USCOMM-NBS-DC
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