
1. Heat transfer, cost modeling and process selection

The materials supplier PolyCorp is developing a chopped fiber polyethylene composite which can be
injection molded directly into a water-cooled mold. They need you to help them estimate the time
required for a part in a mold to cool to an acceptable temperature for removal.

Diagram of a typical injection molding process for making a plate shape; except for the granulated
resin bin, assume approximate axial symmetry.

(Image taken from the OSHA Technical Manual,

http://www.osha-slc.gov/dts/osta/otm/otm_toc.html.)

Chopped fiber composite properties and process parameters:

• Thermal conductivity: k = 2.2 W
m·K

• Density: ρ = 1100 kg
m3

• Average heat capacity∗: cp = 3100 J
kg·K

• Injection temperature: Ti = 225◦C

• Cooling water temperature: Tfl = 25◦C

• Overall heat transfer coefficient (part to cooling water): h = 880 W
m2·K

∗Averaged over the temperature range to approximately account for phase transformations.

(a) Calculate the Biot numbers for composite parts of 1 cm and 2 cm total thicknesses. What
methodology can you use to estimate the centerline temperature (halfway through the plate being
made)?

(b) Assuming the part is injected rapidly with uniform temperature, approximately how much time is
required to reduce the centerline temperature of parts of 1 cm and 2 cm total thickness to 45◦C?

(c) Given these two data points, how does the cooling time scale with thickness in this Biot number
range (e.g. linear, square root of thickness, etc.)?
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Company AeroForm manufactures high-performance carbon fiber composite parts for the commercial
aircraft industry. Currently, these parts are manufactured using a resin-transfer molding process shown
in the figure below. RTM involves six major process steps:

(1) Insert fiber preform (labeled “Fiber Pack” in the diagram) into the mold

(2) Close mold

(3) Inject mixed resin/catalyst

(4) Part solidifies via reaction

(5) Open mold

(6) Remove part

The cycle time for step (4) is approximately the same 25 minutes for parts of all sizes made by
AeroForm. All other molding operations (1), (2), (3), (5) and (6) take a total of 5 minutes. Other
relevant information is shown in the tables on the next page.

(d) How many RTM machines are required to meet AeroForm’s current demand of 5,000 units per
year?

(e) What is the unit cost ($/part) for AeroForm’s current operations? Assume that AeroForm pro-
duces only this part and that they only incur materials and equipment costs.

PolyCorp has proposed a new processing option: injecting a chopped fiber composite into the mold.
In principle, the new mateial does not change any process steps, except that there is no preform, and
during step (d), instead of solidifying via reaction, the part hardens during cooling. The benefit of
this new option would be greatly reduced cycle time. In fact, the cycle time for step (4) would drop
from 25 minutes to the number you computed in part 1b. (If you didn’t get an answer to problem 1b,
assume this takes 90 seconds.) Unfortunately, equipment cost is higher for this option at $1.8 million
per machine, but total material costs are lower at $2/kg.

(f) At what production volume would it be cheaper for AeroForm to use PolyCorp’s new material
and process for parts of 1 cm total thickness?
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Relevant Production Information
Current Production Volume 5,000 units/year

Part thickness 1 cm
Part weight 2 kg

Plant Operating Time
Days per year 250
Hours per day 10

Financial Parameters
Discount rate 15%

Equipment life 5 years

Process Characteristics
RTM

Materials Cost 4 $/kg
Process yield 85% good parts/parts processed

Equipment Cost $1,000,000
Cycle times:

Reaction time (step d) 1500 seconds
Total of other cycle times 300 seconds
Chopped Fiber Injection Molding

Materials Cost 2 $/kg
Process yield 85% good parts/parts processed

Equipment Cost $1,800,000
Cycle times:
Cooling time Prob. 1b (1cm) or 90 seconds

Total of other cycle times 300 seconds
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