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Heat-Transfer Enhancing Features for
Handler Tray-Type Device Carriers
Andreas C. Pfahnl, John H. Lienhard, V, and Alexander H. Slocum

Stanton number of a four-sided smooth duct.
Stanton number of a four-sided ribbed duct.
Time, s.
Fixed inlet air temperature, C.
Local, time-dependent air temperature, C.
Local, time-dependent tray temperature, C.
Velocity of air, m/s.
Lengthwise position, m.

Abstract— Many test handlers process semiconductor devices
in trays which must be rapidly heated or cooled by a forced
air flow to a desired test temperature and then back to ambient
temperature. This paper describes a new design feature for testhandler tray that significantly increases the rate of convective
heat transfer to the tray and the devices in the tray. The improved
tray incorporates lateral ribs which breakup thermal boundary
layers and enhance mixing. This enhanced heat transfer is especially important in new test-in-tray handlers whose operating
speeds can be limited by thermal response times.
Index Terms— Device thermal response, heat transfer, heattransfer enhancement, JEDEC carrier, test handler, thermal
testing.

Greek Symbols
Pressure drop, Pa.
Density of air, kg/m .
Density of the tray material, kg/m .
Kinematic viscosity of air, m /s.
Integration variable.

NOMENCLATURE
Roman Symbols
Tray width, m.
Duct airflow cross-sectional area, m .
Tray cross-sectional area, m .
Tray spacing, m.
Constant as defined by (14).
Constant as defined by (15).
Specific heat of air at constant pressure, J/kgK.
Specific heat of the tray material, J/kgK.
Hydraulic diameter, m.
Tray rib height, m.
Roughness Reynolds number, (10).
Average friction factor.
Friction factor of a four-sided smooth duct.
Friction factor of a four-sided ribbed duct.
Average heat-transfer coefficient, W/m K.
Tray length, m.
Tray rib pitch, m.
Duct perimeter, m.
Prandtl number of air.
Reynolds number based on the hydraulic diameter.
Reynolds number based on the average ray
length, (8).
Average Stanton number.
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I. INTRODUCTION

I

NTEGRATED circuit (IC) test handlers work with an
electronics tester to automate the electrical testing of IC
devices. The handler transports devices to and from the tester
and must align and mechanically place the devices against the
tester’s interface. Handlers also heat or cool the devices, so
that they can be tested at an elevated or depressed temperature
( 60 C to 160 C).
A typical test handler has three main temperature-controlled
zones. The first zone is a soak chamber in which devices are
heated or cooled to the test temperature. The second zone is a
test chamber, in which the devices are maintained at the test
temperature while they are being tested. The last chamber is a
desoak chamber in which the devices are returned to ambient
temperature.
Many test handlers thermally condition (warm or cool) IC
devices in special tray-type carriers known as boats. To minimize the device and tray thermal-response time and maximize
the throughput (processing rate) of the test handler, a novel
heat-transfer enhancing tray feature has been developed and
implemented in the test tray of Kinetrix’s In-Tray-Test handler.
The design is based on heat-transfer augmentation in a tworibbed-wall rectangular duct. Design equations are given which
allow comparison of different tray designs. Experimental results are described that illustrate good agreement between the
theoretical predictions and actual response. This concept can
be applied to any handler type, test tray, or boat subject to a
convective heating or cooling.
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Fig. 1. Illustration of generic JEDEC-type trays having heat-transfer enhancing ribs.

II. BACKGROUND

III. INTEGRALLY RIBBED TRAYS

The throughput of a test handler at a high or low temperature
can be limited by the time required to heat or cool the
devices being tested. For forced air systems, this “soak”
time is governed by the conditions of the airflow and the
properties and geometry of the packaging. A turbulent airflow
yields greater convective heat transfer. A higher conductivity
device package helps improve the thermal response. However,
because the ratio of the conductive thermal resistance to the
convective thermal resistance (Biot Number) of most thin
( 1 mm thick) plastic-packaged devices is less than one,
the convective resistance usually controls the device thermal
response. Because we have the freedom to design the layout
of a test-handler tray, the approach taken here is to incorporate
surface-roughening features on the tray which increase mixing
in the airstream and reduce convective resistance. This design
offers a compact and cost-effective means of enhancing the
convective heat transfer for a given tray platform.
Past applications of rib augmentation have included the
internal air cooling of turbine blades [9], [16], [17], the cooling
of scram-jet engine inlets, electric utility steam condensers
[18], nuclear-reactor fuel rods [4], and internal water cooling
of turbine blades [12]. Most research on the subject of ribroughened surfaces focuses on round ducts or pipes [4], [10],
[11], [18]–[21]. The correlations and work based on circular
geometries are commonly applied to other geometries by
using the hydraulic diameter. More accurate results can be
obtained from experimental measurements made directly on
rectangular-shaped ducts.
One such study examined a wire transversely fastened to a
surface of a rectangular duct [5]. Two other works [14], [15]
investigated heat-transfer and pressure-drop performance of a
wall populated with rectangular protuberances, representing
integrated circuit (IC) devices on cards, opposite a smooth
wall. Still others have considered transversely oriented ribs on
the walls of a rectangular duct [1], [3], [6], [8], [12], [13],
[22]–[24]. Transverse rib roughness is well suited to test-tray
configurations and is the method of enhancement adopted in
the present work. For our designs, the results of Han [7] are
the most relevant. That work is described at length in a later
section of this paper.

The handler test tray considered here follows the general
guidelines established by the Joint Electronic Device Engineering Council (JEDEC) for tray type carriers. JEDEC-standard
trays have a network of tray ribs that define the pockets in
which devices reside and that add structural stiffness to the
tray. It minimizes the impact on the basic tray design if the
existing structural ribs are also used as the thermal-enhancing
ribs by simply increasing their heights above the top surface
of the devices. The specific structural ribs to be used must
be perpendicular to the direction of the airflow, most likely
oriented down the length or across the width of the tray.
The trays depicted in Fig. 1 illustrate heat transfer enhancing
ribs oriented in two different along a JEDEC-outline tray; the
ribs can of course be applied to any custom or standard tray.
IV. THERMAL ENHANCEMENT
WITH INTEGRALLY RIBBED TRAYS
The flow traversing the tray should be turbulent in order to
maximize cross-stream mixing and to raise the heat-transfer
coefficient. To study and predict the thermal response of
devices thermally conditioned in a tray, an engineering model
must be developed that best represents the actual system. In
the case considered here, the handler thermal-conditioning
chambers vertically space a group of trays with the heattransfer enhancing ribs on both top and bottom surfaces.
Temperature-controlled air flows down the length of the tray.
Vertical panels adjacent to the sides of the trays confine the
flow laterally. In effect, the vertically-spaced trays form a
series of ribbed, rectangular ducts whose width and length
correspond approximately to the geometry of the tray: 13.59
cm (5.35 in) by 32.26 cm (12.7 in). The duct height is
measured from the top surface of the devices in the tray to
the underside of the pocket of the tray above. The duct height
and width then allow a hydraulic diameter to be calculated
(1)
is the tray width and
is the tray spacing. The
where
rib height, , is measured from the top surface of the device
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Fig. 2. Illustration comparing (a) two spaced JEDEC-type trays with (b) a two-sided ribbed duct.

to the top surface of the rib, and the rib pitch, , is the
center-to-center distance between successive ribs.
The diagrams in Fig. 2 show the similarity between the flow
between two ribbed trays spaced vertically and a rectangular
duct flow lined with ribs.
A. Pressure-Drop and Heat-Transfer
Coefficient Design Equations
The work by Han [7] considers steady-state conditions,
where a constant heat flux is applied along the length of the
ribbed duct’s section and a turbulent fully-developed airflow
passes down the channel. Differences in heat transfer results
may occur because a tray of chips does not provide a constant
heat flux condition and the situation is transient; pressure drop
measurements should agree well. Han’s experiments were for
Reynolds numbers between 7000 and 90 000. The different
rib and duct geometries considered are described by the rib
and the rib height-to-hydraulic diameter
pitch-to-height
ratios. The range considered in his work was 10
40 and 0.021
0.063.
The final design equations from Han’s work allow the
friction factor and Stanton number to be calculated. The
average friction factor is given as a weighted average of the
friction factor for a four-sided smooth duct and a four-sided
ribbed duct

can then be calculated from the definition of the average
friction factor (Fanning friction factor)
(5)
is the air velocity.
where is the length of the tray and
A similar approach is taken to calculate an average heattransfer coefficient. An average Stanton number is calculated
from the Stanton number for a four-sided smooth duct and
from a four-sided ribbed duct having the same overall duct
geometries
(6)
The Stanton number for a duct with smooth surfaces is given
by
(7)
where the Reynolds number is based on an average “ray
length” for improved accuracy
(8)
The Stanton number for a duct with roughened walls is
calculated using
(9)

(2)
The smooth friction factor is iteratively calculated from

greater than 25, where
for
Reynolds number

is defined as the roughness

(10)
(3)
and the rough friction factor is calculated from
(4)

10 and
35. The derivation
The restriction is that
of these design equations is also described by Han [7]. The
heat-transfer coefficient is then calculated using the definition
of the Stanton number
(11)

This last equation is developed from theoretical and prior
experimental work as detailed in Han [7]. The pressure drop

where
of air.

is the density of air, and

is the specific heat
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B. Thermal-Response Time Design Equations

of the duct,
is a cross-sectional area of the tray,
is the cross-sectional area of the duct opening,
is density
is specific heat of the tray
of the tray material, and
material. The properties of air are evaluated at the mean film
temperature based on the initial temperature of the tray and
the inlet temperature of the air. The tray is modeled as being
made of a device encapsulant, which has the following thermal
2070 kg/m ,
1170 J/kgK.
properties:

We must now determine the device thermal response time
or soak time. The soak time is a function of the device
package material, package size, chip characteristics, and leadframe characteristics. An enormous number of different chips
exist yet a simple method is needed here for estimating the
thermal response time of the devices residing in trays. The
approach taken is to consider only the thermal resistance of
the encapsulant material (our focus is on plastic packaging).
For illustration, a thin small outline package (TSOP) 1.016mm thick with a molding-compound thermal conductivity
of 1.46 W/mK is considered. Even with a relatively high
convective heat-transfer coefficient, say 100 W/m K, the Biot
number remains well below unity. For other package types
with larger Biot numbers, a more intricate analysis including
the conduction resistance in the device package must be
considered.
In a typical configuration, the airflow above the tray traverses a distance of as much as 30 cm. Heat loss to the
devices gives rise to a temperature decrease in the air along
the length of the tray. This gradient is initially large. Over
time, it diminishes as the tray and its devices reach the inlet
air temperature. Arpaci [2] gives a method for calculating the
thermal response of a duct subject to a step change in the
fluid temperature. The model is applied to the case at hand,
where the trays of devices are modeled as the duct walls. In
the analysis, the heat-transfer coefficient is assumed constant
and uniform on all surfaces. There is no axial or length-wise
conduction and the contributions of the ribs to the net surface
area are ignored. The final design equations describing the
tray and air temperatures as a function of time, , and lengthwise position, , are (12) and (13), as shown at the bottom
. The initial temperatures
of the page, where
in those equations are zero, but they can be set to any value.
and
are
The constants
(14)
and
(15)

Here,

is the heat-transfer coefficient,

is the perimeter

V. WIND TUNNEL EXPERIMENTS
A wind tunnel (Fig. 3) was used to test the thermal response
of devices in JEDEC-standard trays and to experimentally
investigate the heat-transfer enhancing performance of different ribbed tray designs. The results were compared to the
theoretical predictions. The wind tunnel uses a blower located
at the head of the wind tunnel to provide an air flow, ball
valves to vary the flow rate, and a venturi tube to measure
the flow rate. A heater inside an aluminum tube warms the
air to the desired test temperature before it enters the tray test
chamber (Fig. 3).
The test chamber is instrumented with temperature and
pressure sensors at the inlet and outlet positions. Two JEDECtype trays can be placed inside the test chamber, one above
the other. The lower tray rests on the edge of the JEDECtype frame. The top tray is supported by the end tabs of the
JEDEC-type frame, permitting JEDEC-conforming trays with
different interior constructions to be examined at the same tray
spacing. The wind tunnel is limited to air temperatures below
60 C because of the PVC, wood, and other low-temperature
components used in its construction.
A. Pressure-Loss Tests
In the tests, the pressure drop across the trays at different
flow rates was obtained by adjusting the flow-control valve
located after the venturi tube. At least ten different pressure
drop readings were taken for each experiment. Two experiments were conducted on ribbed trays in order to establish the
applicability of predictions using the method of Han [7] for
JEDEC-type trays.
The first experiment uses a ribbed master tray made from
aluminum. This tray has JEDEC-standard end tabs and a
regular pattern of transversely oriented square ribs. When
placed in the wind tunnel test section, the master-rib trays

(12)
and

(13)
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Fig. 3. The complete wind tunnel is shown in the top picture and the test section is shown in the bottom picture.

are 13.59 cm (5.35 in) wide and spaced 23.62 cm (0.93 in)
apart, which is taken as the tray spacing or duct height. The
resulting hydraulic diameter is 4.01 cm (1.58 in). The pitch of
the ribs is 2.84 cm (1.12 in) and the width of each rib is 0.343
cm (0.135 in). Moreover, each one of the 11 ribs is 0.343
ratio is 0.085 and the
cm (0.135 in) tall. The resulting
ratio is 8.3. This idealized tray geometry is found to have
excellent agreement with the pressure-loss correlations of Han
[7], even though the experiment falls somewhat outside the
bounds on his parameters.
The second experiment on ribbed trays is with an actual
handler test tray (Kinetrix’s flex-insert tray) shown in Fig. 4.
This tray has a series of ribs extending high above the device
surfaces and beyond the underside of the insert surfaces. The
ribs are slightly staggered to allow other identical trays to stack
on it. Fig. 4 shows top and bottom views of the tray.
The top photograph of Fig. 4 shows more clearly how the
top ribs extend beyond the top of the JEDEC-type frame. The
ribs are at a 3.89 cm (1.53 in) pitch and extend 0.38 cm (0.15
in) above the top surface of the flex insert. The underside
view of the tray shows how the inserts are recessed deep
into the tray. The bottom ribs are flush or in line with the
bottom edge of the frame, in order that they can be easily
accepted into other, already existing, manufacturing machines
(e.g., lead inspection and marking machines). It was possible
to make the distance from the bottom of the tray to the bottom
of the flex insert, i.e. the rib height, identical to that of the top
side, namely 0.38 cm (0.15 in). When placed inside the test
section of the wind tunnel, the tray spacing is 2.49 cm (0.98
in), yielding a hydraulic diameter of 4.19 cm (1.65 in). The

resulting
ratio is 0.097 and the
ratio for either side
is 9.6. The resulting pressure-drop data gathered over a similar
flow-rate and Reynolds-number range (2 500 to 19 000) as the
previous experiments is shown in Fig. 5 and is plotted against
predictions.
The results of the pressure drop experiments on Kinetrix’s
flex-insert tray show excellent agreement with predictions. The
pressure losses are under 20 Pa (0.08 in H O) in the expected
10
m /s (10 CFM) to 9.44
flow-rate range of 4.72
10 m /s (20 CFM), which is not large compared to typical
losses in the air handling system. With confirmation that the
method of Han [7] can predict the pressure losses, the design
equations presented earlier can be used to evaluate the impact
changes in the tray spacing, rib height, and rib pitch might
have on the pressure losses.
B. Heat-Transfer Tests
The thermal response of TSOP devices residing in two
different types of trays was measured. Temperature data was
obtained using thermocouple-instrumented TSOP devices located in the trays being investigated. The wind tunnel was
warmed to about 50 C and then a fully-populated ambienttemperature tray was quickly inserted into the wind tunnel,
while maintaining a fixed inlet air temperature and fixed
velocity air flow. A temperature controller maintains the inlet
air temperature fixed to within 1.0 C.
The first tray design tested is Kinetrix’s handler test tray
shown earlier. The tray placed in the lower position of the
wind tunnel test section is populated with 44-lead TSOP-II
devices with no internal chips (dummy devices). The package
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Fig. 4. Photographs of the top and bottom surfaces of the Kinetrix’s 32-site flex-insert trays showing the heat-transfer enhancing rib structures.

Fig. 5. Experimental pressure-drop results for a ribbed test tray (shown in Fig. 4) compared with the predicted pressure losses.

of these devices is 1.016 mm thick. Small 0.1 cm (0.04 in)
diameter holes were drilled through the center of the first and
last pocket insert of the second column. This exposed a very
small section of the underside of the devices. T-type 0.0127
cm (0.005 in) wire-diameter thermocouples were epoxied in
place. The thermocouple-instrumented tray was in the bottom
position. The results are shown in Fig. 6 for a flow rate of

7,400 and in Fig. 7
7.08 10 m /s (15 CFM) or
15,000.
for 22.65 10 m /s (48 CFM) or
The thermal-response results agree well with the predictions.
The experimental and theoretical results differ in both cases
by only a few degrees during the transient region. The difference is likely attributable to the imperfect adiabatic boundary
condition offered by the wind tunnel walls. Given these good
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Fig. 6. Temperature response of devices carried in Kinetrix’s flex-insert tray when suddenly exposed to a 51  C airflow at 7.08

2 1003 m3 /s (15 CFM).

Fig. 7. Temperature response of devices carried in Kinetrix’s flex-insert tray when suddenly exposed to a 53  C airflow at 22.65

predictions of the tray and device thermal response, the design
equations presented earlier can reasonably be used to evaluate
the impact changes in the tray spacing, rib height, and rib pitch
might have on the thermal response.
To demonstrate the actual enhancement of the ribs, the same
tests were performed on a standard TSOP process tray (Fluoroware P/N 40026-07-116-8) which has no enhancements.
In this tray, the first and last devices of the third column
are instrumented with thermocouples. Because a device sits in
the tray with its underside exposed, the thermocouples were
epoxied directly to the devices without drilling first through
the tray. The thermocouple-instrumented tray is again placed
in the lower position of the test section and an empty one is
placed in the upper position. The results of this experiment
are shown in Fig. 8.
Thermal response time for the filled TSOP process tray
is approximately 560 s which is much greater than that of
Kinetrix’s ribbed flex-insert tray at the same flow rate: to
achieve the same temperature rise, the process tray requires 2.5
times longer to warm to within 1 C of the final temperature.
Clearly, the throughput of test-in-tray type handlers can be

2 1003 m3 /s (48 CFM).

dramatically improved using a high thermal performance tray.
Similar results were found at a flow rate of 21.24 10 m /s
(45 CFM) with these two trays. Experiments, however, have
not been completed to determine the level of improvement
offered by ribs on other test or process trays (e.g., custom nonJEDEC types), although similar performance enhancements
can be expected.
VI. CONCLUSION
This paper describes the design, analysis, and testing of
the heat-transfer performance of an enhanced tray-type IC
carrier used in a semiconductor test handler. Novel design
features in the form of ribs are introduced to improve the
thermal response time of devices in these carriers. Reducing
the thermal response time of the devices in a test-handler
tray allows reduction of the size of the thermal-conditioning
chambers in the handler. Moreover, this improved thermal
response makes it possible to reach the very high throughputs
found in new test-in-tray type handlers, for which throughput
is not limited by the pick-and-place operations of old-style
handlers that would normally outweigh the soak time. Finally,
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Fig. 8. Temperature response of devices carried in a process tray when suddenly exposed to a 49  C airflow at 9.91

the features help minimize the required airflow rate. Very high
airflow rates lead to greater noise, higher total pressure drops,
and higher component (e.g. blower) costs. Kinetrix has applied
for patents on key features of this design.
Experimental testing with a wind tunnel was used to compare the thermal response of different trays. Furthermore,
the experimental pressure-drop and heat-transfer results from
tests on a ribbed tray are in good agreement with theoretical
predictions. The rib height and airflow rate have the greatest
impact on the tray and device thermal response.
The performance increases discussed in the heat-transfer
sensitivity study must be put into perspective. A decrease in the
thermal response time does translate to an increase in a handler
throughput. However, the airflow system operating point will
be affected by the increased pressure drop of rib enhancements,
and so a complete analysis must obviously consider the blower
and ducting.
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