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An Experimental Study of the Fluid Mechanics

of Filling a Small Part Modular Mold

INTRODUCTION AND BACKGROUND

Metal casting has been an indispensable form of metal forming

for thousands of years. Today investment casting*, a form of metal

casting, is used to produce everything from jet engine parts to

artificial knee joints for humans. Investment casting as a modern

commercial process is used to make parts weighing anywhere from

less than one ounce to several hundred pounds. The basic advantage of

investment casting is that very high tolerances (.003 to .005 in/in) can

be maintained-11. A key to quality castings is the understanding and

control of the fluid flows that are present when the mold is filled with

molten metal. It is thought that with a greater understanding of these

flows, better control can be maintained and the end result will be a

more efficient process producing better parts.

* Appendix A contains a glossary of technical terms.
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Investment Casting Defined

Investment casting involves using the lost wax process to create

a ceramic mold. The mold consists of a tundish, a downsprue, gates and

risers that feed a cavity that represents the part to be produced. (See

the equipment section for details.) This mold is then preheated to a

specified temperature, and then molten metal is poured into the mold

and allowed to solidify. After the mold has cooled, the mold shell is

broken off and the part is cut free of the risers and gates.

There are some important differences between investment

casting and the traditional sand casting. The most important

difference, from a flow stand point, is that the harder shell in

invested molds allows the use of higher metal velocities that give a

proportional decrease in mold fill timeM. The reduced fill times are

an advantage when rapidly solidifying metals like titanium are being

poured. The disadvantages of the higher velocities in the mold are the

increase in turbulence and difficulty of flow control.

There are some common defects in investment castings that are

most likely the result of excessive turbulence and improper flow

control. The first defect is a ceramic wash. A ceramic wash occurs

when the molten metal flow collides with some part of the mold so

violently that the mold actually erodes. This then creates two

problems. The first problem is that the part dimensions can be
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compromised, and the second problem is that the dislodged mold

particles end up as unwanted inclusions in the cast part. Another

defect is a cold shot. This occurs when part of the metal flow

separates and solidifies before filling is complete. The problem with

this is that sometimes the flow that separates and solidifies early

will not properly fuse back in with the rest of the metal. Cold shut is a

similar problem but occurs when two separate flows come together

and do not properly fuse together. A cold shut usually leaves an

unwanted lap line in the finished casting. The last problem is nofill.

Nofill is simply when sections of the mold do not fill due to premature'

solidification or trapped gases. Many of these problems are currently

only fixed by expensive rework of the completed casting. Solving even

a fraction of these problems will increase production efficiency and in

turn account for large monetary savings.

To reduce or eliminate these problems one must look at the flow

situations that cause each problem. From a flow standpoint, there are

several critical problems: waves, separation, splash, flow reversal, and

pumping of the fluid. Reducing the incidence of these flow problems

will lead to castings with smoother fills.
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Basis For Experimental work

The basis for the experimental work that will be presented falls

into two categories: prior research at Oregon State University and

literature searches. The first category, prior research at Oregon State

University, includes some of the work that Janet M. Sewell did in the

area of flow modeling in centrifugal casting. This work helped to set

general guidelines and procedures, especially in the area of video

techniques. Literature searches for this project were also conducted

both at Oregon State University and Precision Castparts Corporation.

The amount of material obtained that dealt specifically with

investment casting was disappointingly small. The search did,

however, produce large amounts of material on the subject of shell

casting and sand casting techniques. This material was then used in

hopes that it could provide a starting point for the work that was to be

done in investment casting.
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EXPERIMENTAL MODEL

While direct observations of molten steel and titanium alloys can

be observed by using expendable quartz molds; this procedure was

prohibitively expensive for the purposes of this experiment, so another

method had to be found. The method that was chosen, which had been

used previously, required the use of clear molds made of transparent

plastics or glass together with the use of colored water as the working

fluid. Water was chosen as the working fluid because it is safe,

inexpensive, and has a viscosity value that is similar to molten

titanium[3,4,5] Unfortunately, water has the drawback that its

surface tension and density vary significantly from most molten

metals. (See Appendix B for a detailed list of fluid properties.) Food

coloring was used to make the water more visible without staining the

transparent mold. Video tapes of the mold filling were then used to

evaluate the molds' fill characteristics.

All modeling in this system was done in full scale due to the

variety of flows that are present in a mold cavity. To have a properly

scaled down model, one must maintain consistency between the model

and the full scale version with respect to the following parameters:

Reynold's number ( Lv/y) for closed conduit flow

Froude number ( v2/gL ) for open channel flow, and
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Weber number ( f v2U0 ) for surface tension effects.

Where: L = Characteristic length

v = Velocity

= Kinematic viscosity

g = Acceleration of gravity

f = Fluid density

= Surface tension coefficient.

Trying to maintain consistency between these parameters would

require three different-sized models[6,7,8]. Because of this, it was

decided that the testing could be done better and easier with a full

scale model. The Reynolds and Froude numbers were satisfied rather

well because of the similarity between the viscosity of water and a

molten alloy like titanium. However, the Weber number deviated

greatly for the model because of the differences between the densities

and surface tensions of water and molten metal. Because of this

discrepancy, one must use an appropriate amount of caution in the

interpretation of the results.
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TEST VARIABLES

Vacuum vs. Ambient

The first series of tests was conducted to see if it was

necessary to perform the experiment in an evacuated chamber. While

some actual casting is done at ambient conditions (air pour), a

significant portion of casting is also done in a vacuum. The goal of this

phase of the experiment was to evaluate the effect of ambient pressure

in the casting environment. This was done by conducting pairs of tests

in the vacuum chamber and assuring that the only difference between

each test was that one was done at ambient pressure and the other was

done at a reduced pressure. Video tapes of each situation were then

used to evaluate the results.

Water vs. Metal

The next variable that was explored was the comparison between

the casting of an actual metal and the pouring of water. The goal of

this part of the experiment was to see if the fluid model could be

validated from an experimental standpoint. This was done by pouring

water into a Pyrex mold and then pouring a low melting point solder

into the same mold under similar conditions. Video tapes of each were
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then used to evaluate the results.

The final and most detailed phase of the experiment was to

employ a modular test mold and perform tests on the following

components: downsprue, well, runners, runner extensions, downsprue

chokes, runner chokes, and optimum combinations.

Downsprue Shape

Several downsprue geometries were tested. They included round,

square, tapered, and downsprues with antiswirl fins. (See figure 1 for

complete details on the size and shape of each downsprue that was

tested.) The parabolic taper of a falling fluid would dictate a much

more gradual taper than was tested[9,10]. The larger taper was tested,

however, so that there would be more choking action at the base, and

so that the downsprue would have more volume to feed the gating

system during solidification[i 11. All downsprues that were tested

were of the same height so that flow head variation from a change in

the height of the tundish would not enter into the tests as a variable.

While the height is an important variable, part geometry often renders

it unchangeable.
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The Well

Different well sizes and geometry that were tested can be seen in

figure 2. The variables that were tested were depth, diameter, and the

shape of the surface that the flow stalls upon. While a three or four

inch diameter well might appear to be too large, experience in other

areas of casting have suggested that the well area should be five times

the area at the base of the downsprue[2].

Runner Shape

The horizontal and vertical runner cross sectional shapes were

also varied. (See figure 3 for exact shapes and orientations.) The

runner shapes that were tested were round, square, and diamond

shaped (a square rotated 45 degrees). All of the shapes had almost

identical cross sectional areas, and hydraulic diameters that were

within 10% of each other.

Runner Extensions

Runner extensions located at the ends of the horizontal runners

were also tested. (See figure 4 for detailed drawings of the extension

configurations.) Three variables were tested with respect to runner
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TEST SHAPES FOR HORIZONTAL RUNNERS

AREA

HYDRAULIC
DIAMETER

ROUND

.78 in2

1.0 in

SQUARE

.76 in2

0.9 in

DIAMOND

.76 in 2

0.9 in

Figure 3: Runner Shapes
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extensions: extension diameter, extension length, and the extension

orientation. The extension orientations that were tested were

straight, 45 degrees up, and 45 degrees down.

Downsprue Chokes

Tests were also conducted in which venturi type chokes were

placed in the lower section of the downsprue. Four chokes were

tested, and their inside diameters were 1.0, 0.75, 0.50, and 0.375

inches. Figure 5 shows the chokes shapes and their position in the

downsprue.

Runner Chokes

Three kinds of chokes were tested in the horizontal runner

sections: overflow, underflow, and venturi.

Three sizes of underflow and overflow chokes were tested as well as

three sizes of venturi chokes. Figure 6 shows the critical choke

geometry and positions in the mold.
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Optimization of Combinations

After evaluating the results of individual components,

combinations of the best performing components were then tested in an

effort to arrive at a short list of optimum systems. The above

components and systems were also tested at slow, medium and fast

pour rates. It is also important to point out that a statistically

complete experiment with a moderate confidence interval for all the

variables listed above would require approximately 25,000 individual

runs. Because of this, the experiment should be thought of as a

comparison study of different flow control devices. Early tests in the

experiment were repeated several times to show the repeatability of

flow characteristics for a run. After this, runs were made only once or

twice and repeated only when the data were in question.
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EQUIPMENT

The equipment used in this experiment can be divided into five

categories:

Modular water test system

Vacuum system

Liquid metal system

Visualization and video equipment

Support and safety equipment.

The modular test system can be broken down into three parts: the

modular mold, the crucible, and the crucible control system.

The modular mold (see figure 7) is simply a collection of hand

made Pyrex or plexiglass devices which together form a mold cavity.

The advantages of this system are that different shapes can be fit

together to form a variety of different test shapes, and such systems

can be quickly drained and cleaned. While the dimensions of each part

will be discussed later in the test variables section, it is important to

note the function of each part. The plastic tundish sits atop the

downsprue and directs fluid from the crucible into the top of the

downsprue. The downsprue allows the fluid to flow down to the sprue

base and well area. The straight sprues were constructed from round

acrylic stock while the tapered sprues were
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fashioned out of Pyrex glass. The sprue base or well area is where the

fluid changes from its vertical downward motion to its horizontal

motion, and branches off into the horizontal runners. The well was

constructed by cutting and cementing together individual pieces of

acrylic stock. The well has a piston forming the base so various depths

can be obtained. Also, different shapes may be placed in the well for

the fluid to impact upon. The horizontal runners take the fluid from the

well area and direct it to the vertical runners where parts would be

attached in an actual casting situation. Chokes in the runners and

downsprue were made by machining and polishing acrylic stock.

The crucible (see figure 8) is a 10 inch diameter and 7.5 inch

deep drum that holds the colored water. This is tipped to pour the

water into the tundish. The crucible is made of mild steel that has

been painted to prevent rusting. The lip of the crucible has a bead of

RTV silicone on it to cause the flow to separate at that point.

The crucible control system (see figure 9) consists of the shaft

on which the crucible is mounted, the hydraulic cylinder that rotates

the shaft, and the controls for the cylinder. An electrically driven

hydraulic pump provided high pressure hydraulic oil. The high pressure

oil was then throttled through a needle valve to control the tip rate of

the crucible. A solenoid valve was used to activate the cylinder. This

system allowed the tip rate of the crucible to be set at different

repeatable values. Three tip rates were selected.
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The "fast" tip rate gave a pour time of approximately one second;

depending on the exact pour volume. The "medium" and "slow" tip rates

gave corresponding average pour times of 2.5 seconds and 3.5 seconds

respectively.

To simulate casting in a vacuum, a vacuum tank was constructed

to house the mold, crucible, and video equipment (see figures 10, 11,

and 12). The vacuum tank was constructed from mild steel and painted

to inhibit rust. All welds on the tank were done with the metal inert

gas (MIG) process. The inside of the tank was painted white to provide

the best possible lighting situation for the video cameras.

Accommodations for the passage of hydraulic lines, electricity for

lights, and video output through the wall of the chamber were

accomplished via weldin fittings. The chamber's door was sealed with

the force of the induced vacuum and a rubber gasket with vacuum

grease on it. A Nash water seal vacuum pump was used to draw the

vacuum on the tank. While the water seal pump had the limitation that

it could only reduce the pressure to the vapor pressure of water, this

was not considered to be a problem because the simulation fluid in the

tank was also water.

A test was also done to compare fluid and metal flows. This test

was done by constructing a simple Pyrex mold and fitting it with a

metal tundish (see figure 13). For this test a steel crucible identical

to the present crucible was constructed and left unpainted, as the heat
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from the molten metal would have burned the paint causing excess

fumes. A large oven was also used to preheat the Pyrex mold, thus

avoiding thermal shock.

All tests done were video taped using at least one, and in many

cases two, standard VHS video camcorders. In some instances where

the camera had to be located very close to the mold, the camera was

fitted with a wide angle hemispheric lens. The camera's shutter speed

was set at 1/500 second. This gave a sharp enough picture with a

reasonable amount of light. A combination of 150 watt flood lamps

and 75 watt projector bulbs was used to provide about 1000 watts of

lighting for most situations. A VHS video recorder was also used to

make copies of video tapes. The video cameras were coupled to a 26"

color monitor so the picture quality could be adjusted beyond the limits

of the camera's view finders. Professional video equipment at the

Oregon State University Communications Media Center was used to

re-record the tapes with a time bar at a rate of about 1/30 real time,

thus producing a slow motion copy.

A variety of support equipment was used throughout the tests.

This support equipment can be broken into three categories: tools,

protection, and personal safety equipment. The tool category includes

hand and power tools that were used to construct and assemble the test

apparatus. Also included in the tool category is the measuring

equipment that was used to take physical data. Protection equipment
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included plastic covers and back drops to protect the video and other

sensitive equipment. Personal safety equipment included ear plugs,

safety glasses, gloves, and respirators that were worn when deemed

necessary.
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TEST PROCEDURES

Testing procedures throughout this experiment can be broken into

three parts, the pretest procedures, the test itself, and the post test

procedures. The pretest procedures included the following check list:

Assemble the correct mold components

Place the mold below the crucible and check its alignment

Set and test the crucible tip rate

Fill the crucible with the required pour volume

Identify the run number

Turn on the spot lights

Check the camera settings, tape, and focus the video camera

Set video camera to record.

Once these things were done, the test, which simply consists of

triggering the solenoid valve to tip the crucible, was finished. As soon

as the crucible had come to rest, the post test phase began. The post

test procedures can also be represented in a check list form.

Turn the video camera record mode off

Turn the spot lights off

Return the crucible to its starting position

Rinse the mold out with tap water.
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At this point, the next run can be started or the equipment can be

cleaned and secured and the testing stopped. After several runs were

completed, the video tape of these runs was slowed down using a slow

motion process and the runs were evaluated using a scheme that will be

explained later.

Runs that were conducted in the vacuum chamber at a reduced

pressure required a slightly different procedure. The pretest procedure

was as follows:

Assemble the correct mold components

Place the mold below the crucible and check its alignment

Set and test the crucible tip rate

Fill the crucible with the required pour volume

Identify the run number

Turn the video camera on

Check the camera settings and focus the video camera

Close the vacuum tank door

Check the seal fluid in vacuum pump and the turn pump on

Reduce the chamber pressure to a 25"Hg vacuum

Turn the vacuum pump off

Turn on the spot lights

Turn on the external VCR to record the signal from the camera.
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While the procedures for the actual test phase were the same, the post

test procedures varied for the reduced pressure runs. The following is

a list of post test procedures for an evacuated run.

Turn the video recorder off

Turn the spot lights off

Allow air back into the tank

Open the vacuum tank door

Return the crucible to its starting position

Turn the camera off

Rinse the mold out with tap water.

The last variation in the procedure that must be discussed is the

specific procedure used for pouring the low melting point solder into

the Pyrex mold. Firstly, the Pyrex mold was placed into a large oven

set at 5000F for preheating. While this was taking place, the video

equipment was readied, and the proper volume of solder (63% tin 37%

lead) was superheated past its melting point of 3500F to 3750F. Once

the molten solder was ready, the video camera was set to record, and

the Pyrex mold was quickly put into place under the crucible. The

crucible was then tipped, and the run was complete.
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EVALUATION OF RUNS

While the slow motion video tapes provided large amounts of

qualitative information, it was desired to have a more quantitative

form of evaluation. The present evaluation scheme was developed by

having several casting engineers from Precision Castparts Corporation

evaluate video tapes of ten typical runs. The engineers were then asked

to comment on the problems and severity of those problems that they

saw. Their comments were combined and the following system of

evaluation was devised.

Specific flow descriptive terms were ranked in order of

increasing severity and placed into three groups. Each group contained

only members having approximately equal magnitudes of undesirable

flow. All the members within a group were assigned the same point

value. The least detrimental group, the minor group, contained three

flow problems: light turbulence, few visible bubbles, and swirl. Each

occurrence of any of the minor group problems resulted in one

additional point being assigned to the score for that mold.

The moderate group had four members (see table 1) each scored at

10 points. The serious group contains seven members each scored at

100 points. Several members of the serious group were also placed

into a fourth group to describe post filling problems, scored at 10

points.
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Table 1: Flow Evaluation Characterization

POINTS GROUP MEMBERS

1 Minor Light Turbulence
Few Visible Bubbles
Swirl

10 Moderate Lots of Visible Bubbles
Unsteady Flow
A Few Large Bubbles
Uneven Flow

100 Serious Heavy Turbulence
Flow Separation
Many Large Bubbles
Splash
Slosh
Jetting
Flow Reversals

10 Post Fill Heavy Turbulence
Late Large Bubbles
Splash
Slosh
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The bottom portion of all the molds had similar problems of

nearly equal magnitude. For evaluation purposes, the mold was divided

into two regions of scoring as an aid to separate "common" detriments

from mold "unique" detriments. Region A contains the downsprue, the

horizontal runners, and the bottom one inch of the vertical runners.

Region B includes the remaining vertical runner portions of the mold

assembly. Region A and B scores were combined to give a mold total

score.

Mold pours were evaluated by observing the video taped runs at

slow speed, recording the quantity and location of the detriments, and

summing the points. The video tape was then observed once again to

verify that the resultant score seemed to characterize the run.

Fill time, the length of time it takes for the mold to fill with

fluid, was also an important consideration in the evaluation of a molds

performance.
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RESULTS

Vacuum vs. Ambient

Table 2 shows more detail regarding runs 47-88 which were

conducted to study the differences which might occur when pouring

various molds either at atmospheric pressure or at a vacuum of 25

inches of Hg. Runs 47 through 88 were conducted on plastic models

provided by Precision Castparts Corporation. These molds were not of

the modular type. The only evaluation of flows in this section was the

direct comparison of tests done at ambient conditions to the tests done

at the reduced pressure. Because of this direct comparison, the general

flow evaluation scheme explained earlier was not employed. From

observation of the slowed down copies of the video tapes, it was noted

that there was little difference between the runs at atmospheric

pressure and those in the vacuum. The difference that was noted was a

very small decrease in the foaming in the tundish during the vacuum

runs. Because of the lack of other apparent differences between

atmospheric and vacuum runs, the balance of the testing was done at

atmospheric pressure where runs could be made faster and with better

attention to detail.
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Table 2: Vacuum vs. Ambient

RUN NUMBER POUR VOLUME
(CUBIC INCHES)

VACUUM
(INCHES Hg)

47 22 0
48 22 0
49 22 0
50 22 25
51 22 25
52 22 0
53 22 0
54 22 0
55 22 25
56 22 25
57 22 0
58 22 0
59 22 25
60 22 25
61 22 0
62 22 0
63 22 25
64 22 25
65 50 0
66 50 0
67 50 25
68 50 25
69 22 0
70 22 0
71 22 25
72 22 25
73 22 0
74 22 0
75 22 25
76 22 25
77 40 0
78 40 0
79 40 25
80 40 25
81 22 0
82 22 0
83 22 25
84 22 25
85 22 0
86 22 0
87 22 25
88 22 25
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Water vs. Metal

Table 3 contains details pertaining to the low melting point

solder vs. water runs (runs 124-127). The video records of these pours

showed one noteworthy difference. The metal fell in a much more

tapered pencil of a stream in the downsprue than did the water. The

increased surface tension of the metal pulled it into a tighter stream.

However, after splashing into the bottom of the downsprue, the flows

were very similar. There are enough similarities that it is thought that

if one gets "good" flows with the water, one can predict that the flow

will be satisfactory with respect to the molten metal situation. This

is because larger surface tension forces in the molten metal should

tend to improve the flow smoothness.

Downsprue Shape

Table 4 shows the data obtained for tests on various downsprue

geometries. The results can be broken down into three categorizes,

straight downsprues, tapered downsprues, and antiswirl downsprues.

Tests on the straight downsprues showed that the 1.5 inch diameter

straight downsprue, now used in production, does not choke the flow at

all. The 1 inch diameter straight downsprue choked the flow at the

fast pour rate while the 0.5 inch diameter straight downsprue choked

the flows at all pour rates. Because of the severe choking with these
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Table 3: Water vs. Metal

RUN NUMBER POUR VOLUME FLUID
(CUBIC INCHES)

124 130 WATER
125 130 WATER
126 130 WATER
127* 130 SOLDER

* There was only one solder run due to the fact
that the solder's solidification ruined the Pyrex

mold.
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Table 4: Downsprue Shapes

RUN POUR POUR VOLUME
NUMBER RATE (CUBIC INCHES)

DOWNSPRUE
TYPE

FILL TIME EVALUATION
(SECONDS) SCORE

128 M 135 .5"STR 1.37 1290
129 M 135 .5"STR 1.52 1310
130 S 135 .5"S1R 2.71 1180
131 S 135 .5"STR 2.49 1240
243 S 122 .25"STR 2.63 2360
244 M 122 .25"STR 1.17 2410
245 F 122 .25"STR 0.09 2380
246 S 90 .0"STR 1.87 2490
247 M 90 .0"STR 1.33 2220
248 F 90 .0"STR 1.30 1450
249 S 90 0.75"5TP 2.27 2240
250 M 90 0.75"STR 1.83 2230
251 F 90 0.75"STR 1.70 2250
252 S 90 0.50"STR 4.20 170
253 M 90 0.50"5TR 3.60 130
254 F 90 0.50"STR 3.80 210
255 F 90 0.50"STR 3.70 210
39 M 35 0.50"TAP 2.40 490
40 M 35 0.50"TAP 2.50 420
41 S 35 0.50"TAP 2.80 340
42 S 35 0.50"TAP 3.00 260
43 F 35 0.50"1AP 2.40 180
44 F 35 0.50-TAP 2.20 290
93 M 35 0.75"TAP 1.00 560
94 M 35 0.75"TAP 1.00 620

385 S 40 A 2.50 660
386 M 40 A 1.30 570
387 F 40 A 0.80 610
388 S 40 B 2.50 480
389 M 40 B 1.40 470
390 F 40 B 0.70 690
398 S 40 C 2.40 660
399 M 40 C 1.40 680
400 F 40 C 0.70 710

NOTE:

1.5"STR indicates that the downsprue tested was a 1.5 inch diameter
straight downsprue.

0.50"TAP indicates that the downsprue tested was a 0.50 inch tapered
downsprue.

"K stands for a 1.5 inch diameter straight downsprue with two flow
straighteners.

"8" stands for a 1.5 inch diameter straight downsprue with two flow
straighteners rotated 90 degrees from those in "K.

"C" stands for a 1.5 inch diameter straight downsprue with four flow
straighteners.
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smaller downsprues the fill time was increased above that of the 1.5

inch diameter straight downsprue.

Tapered downsprues were also tested. The 0.5 inch diameter

(diameter at base opening) downsprue gave choked flow for all pour

rates. The fill time was larger than the 1.5 inch diameter straight

downsprue, but still faster than the 0.5 inch straight downsprue. A

common problem with the 0.5 inch tapered downsprue and other tapered

downsprues was the jetting at the base of the downsprue. This jetting

led to separation, hciwever, it will be shown later that the addition of a

deep well below the opening of the downsprue greatly reduces this

problem. The 0.75 inch diameter tapered downsprue gave flows that

were much worse than the 0.5 inch diameter tapered downsprue, but the

fill time was reduced significantly.

All of the downsprues with flow straighteners greatly reduced

the swirl from what was seen in the downsprue without flow

straighteners. It is important to note that the number or orientation

(see figure 1) of the flow straighteners is not important.

The Well

Runs 214-224 (see table 5 for details) were all made with a 1.5

inch diameter straight downsprue and a 4 inch diameter well at three

different depths. The greatest depth (3 inches), combined with either

the medium or fast pour rates, resulted in smooth flows with rapid fill



42

Table 5:

RUN
NUMBER

The Well

POUR POUR
RATE VOLUME DIAMETER

(CUBIC INCHES)

WELL WELL
DEPTH

( I NCH) (INCH)

FILL
TIME

(SECONDS)

EVALUATION
SCORE

2 4 S 80 4.0 3.0 4.0 1320
2 5 M 80 4.0 3.0 1.37 1340
2 6 F 80 4.0 3.0 1.07 1390
2 7 S 80 4.0 1.5 3.37 2350
2 8 M 61 4.0 1.5 1.47 2460
2 9 F 61 4.0 1.5 1.03 2440
220 F 61 4.0 1.5 1.0 2480
221 S 61 4.0 1.5 2.97 2220
222 M 40 4.0 0.0 3.17 2420
223 M 40 4.0 0.0 1.27 2430
224 F 40 4.0 0.0 0.93 2310
225 F 40 3.0 3.0 1.13 2200
226 F 40 3.0 3.0 1.67 2360
227 M 40 3.0 3.0 3.2 2240
228 F 40 3.0 1.5 1.07 2270
229 M 40 3.0 1.5 1.63 2380
230 M 40 3.0 1.5 2.90 2140
231 F 40 3.0 0.0 1.0 2110
232 F 40 3.0 0.0 1.60 2360
233 M 40 3.0 0.0 2.63 2060
234 5 22 .75 3.0 2.9 2350
235 F 22 .75 3.0 2.37 2220
236 F 22 .75 3.0 1.03 2470
237 S 22 .75 1.5 2.67 2260
238 M 22 .75 1.5 1.47 2336
239 F 22 .75 1.5 0.97 3320
240 S 22 .75 0.0 1.8 3390
241 F 22 .75 0.0 1.63 2370
242 F 22 .75 0.0 1.23 3210

57 M 35 .75 1.5 1.1 2270
58 M 35 .75 1.5 1.0 2340
59 S 35 .75 1.5 2.7 1950
60 S 35 .75 1.5 2.6 2060
61 F 35 .75 1.5 0.8 2640
62 F 35 .75 1.5 0.7 2510
63 F 35 .75 0.87 0.8 2780
64 F 35 .75 0.87 0.8 2660
65 S 35 .75 0.87 2.6 1890
66 S 35 .75 0.87 2.5 2110
67 M 35 .75 0.87 1.0 2220
68 M 35 .75 0.87 1.1 2170
71 M 35 CONVEX 0.8 2040
72 M 35 CONVEX 0.8 2010
73 F 35 CONVEX 2.6 2390
74 F 35 CONVEX 2.5 2510
75 S 35 CONVEX 1.0 2020
76 5 35 CONVEX 1.1 1870

NOTE:

All wells were tested with a 1.5 inch diameter straight dawnsprue.
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times. The kinetic energy of the fluid at the base of the downsprue

seemed to be absorbed by the fluid motion in the well.

Runs 225-233 used a 1.5 inch diameter straight downsprue with a

3 inch diameter well at three depths. The 3 inch diameter well was not

as effective as the 4 inch diameter well in reducing the turbulence of

the flow.

Runs 234-242 utilized a 1.5 inch diameter straight downsprue

combined with a 1.75 inch diameter well at three different depths. A

common problem for this set of runs was the flow separation which

occurred between the base of the downsprue and the horizontal runners.

A convex well (see figure 2) was tested in runs 171-176 and

found to do little to improve the flow at the base of the mold.

Runner Shape

It was found that the square runners produced better flow results

than the round sections. The most probable explanation for this is that

the increased friction of the square section, due to the slight

difference in hydraulic diameter, helped to dampen the flow. The

square sections are also better suited to reducing swirl. The

diamond-shaped mold produced results similar to the square mold in

most cases. (See table 6 for details.)
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Table 6: Runner Shapes

RUN
NUMBER

POUR RATE SECTION GEOMETRY FILL TIME
(SECONDS)

EVALUATION
SCORE

362 S SQUARE 2.4 930
363 M SQUARE 1.3 1080
364 F SQUARE 0.9 1150
365 S DIAMOND 3.4 1040
366 M DIAMOND 2.5 1160
367 F DIAMOND 1.9 1440

NOTE:

All runner shapes were tested with a 1.5 inch diameter straight
downsprue.

The pour volume on all tests was held constant at 100 cubic inches.
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Runner Extensions

Runner extensions were tested in runs 313-345. (See table 7 for

details.) The best extension was the short 1.125" diameter straight

runner extension. While this was the best extension combination, it

was still poor when compared to the other flow control devices that

were tested. Changing the extension length, diameter, or orientation

did not help the situation at all. A probable explanation for these

results is the possibility that air can get trapped in the extension and

then get re-entrained later in the fill.

Downsprue Chokes

Run numbers 256-267 were conducted to test the effects of

placing a venturi-type choke at the base of the downsprue. (See table 8

for details.) It was found that the 0.5" diameter choke produced the

best results: combining both a smooth fill and a fill time of only 2.7

seconds. The larger chokes did not choke the flow sufficiently, and the

0.375" choke caused excessive jetting, separation, and a prolonged fill

time.
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Table 7:

RUN
NUMBER

Runner Extensions

POUR RUNNER EXTENSION
RATE DIAMETER LENGTH ANGLE

(INCH) (INCH) (DEG.)

FILL
TIME

(SECONDS)

EVALUATION
SCORE

313 S .125 2 0 3.0 1861
314 M .125 2 0 1.5 1760
315 F .125 2 0 0.9 1970
316 S .125 3 0 2.6 2061
317 M .125 3 0 1.6 1880
318 F .125 3 0 1.0 1970
319 S .125 4 0 2.9 1760
320 M .125 4 0 1.7 1880
321 F .125 4 0 0.9 2190
322 S .125 3 45 2.7 1861
323 M .125 3 45 1.4 2090
324 F .125 3 45 0.8 2280
325 S .125 4 45 3.0 1760
326 M .125 4 45 1.4 1970
327 F .125 4 45 0.9 2100
328 S .125 4 -45 2.8 1960
329 M .125 4 -45 1.5 2360
330 F .125 4 -45 1.9 2610
331 S .5 2 0 3.1 1960
332 M .5 2 0 1.4 1890
333 F .5 2 0 2.1 2380
334 5 .5 4 0 3.1 2160
335 M .5 4 0 2.4 3060
336 F .5 4 0 0.9 2900
337 S .5 3 45 3.2 2170
338 M .5 3 45 1.3 2070
339 F .5 3 45 0.9 2250
340 S .5 4 45 3.0 2160
341 M .5 4 45 1.6 1900
342 F .5 4 45 1.0 2140
343 S .5 4 -45 3.4 2350
344 M .5 4 -45 1.6 2390
345 F .5 4 -45 0.9 2310

NOTE:

All runner extensions were tested with a 1.5 inch diameter straight
downsprue.

The pour volume on all tests was held constant at 135 cubic inches.

An angle of zero degrees indicates that a straight runner extension was
tested, while angles of 45 degrees and -45 degrees show that the runner
extensions were tilted up 45 degrees and tilted down 45 degrees
respectively.
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Table 8: Downsprue Chokes

RUN
NUMBER

POUR
RATE

DOWNSPRUE CHOKES
TYPE CHOKE DIAMETER

(INCH)

FILL
TIME

(SECONDS)

EVALUATION
SCORE

256 S VENTUR 1.0 3.0 1460
257 M VENTUR 1.0 2.3 1550
258 F VENTUR 1.0 1.1 1370
259 S VENTUR 0.75 2.9 1450
260 M VENTUR 0.75 1.6 1560
261 F VENTUR 0.75 1.3 1460
262 S VENTUR 0.5 3.3 1960
263 M VENTUR 0.5 2.8 1760
264 F VENTUR 0.5 2.8 1150
265 S VENTUR 0.38 4.5 1460
266 M VENTUR 0.38 3.3 1640
267 F VENTUR 0.38 4.0 1340

NOTE:

Alt downsprue chokes were tested with a 1.5 inch diameter straight
downsprue.

The pour volume on all tests was held constant at 122 cubic inches.
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Runner Chokes

Run numbers 280-306 concentrated on the flow evaluation of

chokes in the horizontal runners. Table 9 contains the details of these

runs. It was concluded that the venturi chokes in the runners produced

a better flow with less separation than the chokes in the downsprue.

The overflow chokes were found to have flow characteristics similar

to the venturi-type chokes. However, they had a larger flow area

providing a reduced fill time, so they were judged to be superior to the

venturi chokes. As for under flow chokes, they tend to cause aspiration

in the vertical risers and were considered less desirable than the

overflow chokes.

Optimization of Combinations

Table 10 shows the data that were collected using tapered

downsprues in conjunction with wells of different depths. As a result

of these runs, it was concluded that the tapered downsprues worked

much better with any of the deep wells. The deep well at the base of

the tapered downsprue helps to reduce jetting from the downsprue.

Table 11 contains the data for tests done on the mold with chokes

in the downsprue and runners. This combination was proven to be no

more effective than just placing chokes in the runners alone.
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Table 9: Runner Chokes

RUN POUR RUNNER CHOKES
NUMBER RATE TYPE CHOKE AREA

(SQUARE INCHES)

FILL EVALUATION
TIME SCORE

(SECONDS)

280 5 VENTUR 0.22 3.3 1340
281 M VENTUR 0.22 2.5 1360
282 F VENTUR 0.22 2.0 1460
283 S VENTUR 0.10 3.6 870
284 M VENTUR 0.10 3.0 970
285 F VENTUR 0.10 2.6 060
286 S VENTUR 0.057 4.1 940
287 M VENTUR 0.057 3.0 050
288 F VENTUR 0.057 3.5 150
289 S OVERFLOW 0.22 3.2 870
290 M OVERFLOW 0.22 2.5 070
291 F OVERFLOW 0.22 2.2 460
292 S UNDERFLOW 0.22 3.0 650
293 M UNDERFLOW 0.22 2.7 460
294 F UNDERFLOW 0.22 2.0 760
295 5 OVERFLOW 0.115 3.2 060
296 M OVERFLOW 0.115 2.9 260
297 F OVERFLOW 0.115 2.8 170
298 5 UNDERFLOW 0.115 3.6 051
299 M UNDERFLOW 0.115 3.0 340
300 F UNDERFLOW 0.115 3.1 640
301 S OVERFLOW 0.068 4.4 951
302 M OVERFLOW 0.068 4.1 041
303 F OVERFLOW 0.068 3.5 161
304 S UNDERFLOW 0.068 4.0 881
305 M UNDERFLOW 0.068 4.0 281
306 F UNDERFLOW 0.068 3.5 160

NOTE:

All runner chokes were tested with a 1.5 inch diameter straight
downsprue.

The pour volume on all tests was held constant at 122 cubic inches.
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Table 10: Well with Tapered Downsprue

RUN POUR WELL DEPTH DOWNSPRUE
NUMBER RATE (INCH) TYPE

FILL TIME EVALUATION
(SECONDS) SCORE

145 M 0.87 0.5"TAP 2.5 910
146 M 1.5 0.5"TAP 2.5 980
147 M 0.87 0.5"TAP 2.6 890
148 S 0.87 0.5"TAP 3.0 820
149 S 0.87 0.5"TAP 3.1 790
150 F 0.87 0.5"TAP 2.4 1020
151 F 0.87 0.5"TAP 2.4 1130
152 M 1.5 0.5"TAP 2.8 920
153 S 1.5 0.5"TAP 3.2 800
154 S 1.5 0.5"TAP 3.2 830
155 F 1.5 0.5"TAP 2.5 990
156 F 1.5 0.5"TAP 2.7 1110
177 S 0.87 1.0"TAP 1.7 1820
178 S 0.87 1.0"TAP 1.8 2110
179 F 0.87 1.0"TAP 0.8 2710
180 F 0.87 1.0"TAP 0.5 2590
181 M 0.87 1.0"TAP 0.9 1840
182 M 0.87 1.0"TAP 1.0 2020
183 M 1.5 1.0"TAP 1.1 2110
184 M 1.5 1.0"TAP 1.0 1990
185 S 0.87 0.75"TAP 2.1 1640
186 S 0.87 0.75"TAP 2.1 1920
187 F 0.87 0.75-TAP 1.0 2560
188 F 0.87 0.75"TAP 1.0 2740
189 M 0.87 0.75"TAP 1.3 2030
190 M 0.87 0.75"TAP 1.2 2050
191 M 1.5 0.75"TAP 1.3 2110
192 M 1.5 0.75"TAP 1.3 1960
195 M 3.0 0.75"TAP 1.0 2240
196 M 3.0 0.75"TAP 1.0 2260
197 S 3.0 0.75"TAP 1.6 2230
198 S 3.0 0.75"TAP 1.6 2310
199 F 3.0 0.75"TAP 0.7 2420
200 F 3.0 0.75"TAP 0.8 2510

NOTE:

0.50"TAP indicates that the downsprue tested was a 0.50 inch tapered
downsprue.

A constant pour volume of 135 cubic inches was used.

A constant well diameter of 1.75 inches was used.
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Table 11: Chokes in the Downsprue and Runners

RUN
NUMBER

POUR SPRUE CHOKE
RATE DIAMETER

(INCH)

RUNNER CHOKE
TYPE AREA

(INCHES^2)

FILL
TIME

(SECONDS)

EVALUATION
SCORE

466 S 1.0 VENTUR 0.22 3.0 750
467 M 1.0 VENTUR 0.22 2.2 950
468 F 1.0 VENTUR 0.22 1.7 1450
469 S 0.5 VENTUR 0.22 3.2 730
470 M 0.5 VENTUR 0.22 3.0 1050
471 F 0.5 VENTUR 0.22 2.4 1250
472 S 0.75 VENTUR 0.22 2.9 940
473 M 0.75 VENTUR 0.22 2.3 1440
474 F 0.75 VENTUR 0.22 2.0 1460
475 S 0.75 VENTUR 0.10 3.1 720
476 M 0.75 VENTUR 0.10 2.8 1040
477 F 0.75 VENTUR 0.10 2.5 1340
478 S 0.5 VENTUR 0.10 3.5 740
479 M 0.5 VENTUR 0.10 3.2 1050
480 F 0.5 VENTUR 0.10 3.0 1130
481 S 1.0 VENTUR 0.10 3.2 940
482 M 1.0 VENTUR 0.10 3.0 950
483 F 1.0 VENTUR 0.10 2.2 1440
484 S 1.0 OVERFLOW 0.22 2.2 760
485 M 1.0 OVERFLOW 0.22 2.6 940
486 F 1.0 OVERFLOW 0.22 2.5 1060
487 S 0.5 OVERFLOW 0.22 3.4 650
488 M 0.5 OVERFLOW 0.22 3.3 750
489 F 0.5 OVERFLOW 0.22 2.8 1230
490 S 0.75 OVERFLOW 0.22 2.9 1030
491 M 0.75 OVERFLOW 0.22 2.6 1470
492 F 0.75 OVERFLOW 0.22 1.9 1520

NOTE:

All chokes were tested with a 1.5 inch diameter straight downsprue.

All downsprue chokes were venturi chokes.

The pour volume on all tests was held constant at 135 cubic inches.
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Tests were conducted on molds set up with tapered downsprues

and chokes in the runners. (See table 12 for details.) It is interesting

to note that, much like the deep wells, chokes in the runners help to

reduce the jetting at the base of the downsprue.

Table 13 shows the data that were collected using molds with

chokes in the downsprue and deep wells. The well depth was found to

have little effect in this situation. The most probable explanation is

that the venturi chokes in the straight downsprues have a diverging

section, so jetting is not as much of a problem as it is in the tapered

downsprues.

The last configuration that was tested was the combination of

deep wells and runner chokes. (See table 14 for details.) It was

observed that the wells had little effect on the flow.

As a final note, it is important to observe the role that pour rate

has on flow quality. Almost without exception, the slower pour rates

produced better flows.
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Table 12:

RUN
NUMBER

Tapered Downsprue with Chokes in the Runners

POUR DOWNSPRUE RUNNER CHOKE FILL
RATE TYPE TYPE AREA TIME

(1NCHES"2) (SECONDS)

EVALUATION
SCORE

493 S 0.75"TAP OVERFLOW 0.22 2.4 1240
494 M 0.75"TAP OVERFLOW 0.22 1.6 1120
495 F 0.75"TAP OVERFLOW 0.22 1.4 1550
496 S 0.75"TAP VENTUR 0.22 2.6 830
497 M 0.75"TAP VENTUR 0.22 1.5 1440
498 F 0.75"TAP VENTUR 0.22 1.4 2050
499 S 0.75"T AP VENTUR 0.10 2.9 1150
500 M 0.75"TAP VENTUR 0.10 2.1 1150
501 F 0.75"TAP VENTUR 0.10 1.7 1550
502 S 0.50"TAP VENTUR 0.10 3.6 620
503 S 0.50"TAP VENTUR 0.10 3.3 750
504 M 0.50"TAP VENTUR 0.10 2.6 930
505 F 0.50"TAP VENTUR 0.10 1.6 1030
506 5 0.50"TAP VENTUR 0.22 2.2 730
507 M 0.50"TAP VENTUR 0.22 2.5 1120
508 F 0.50"TAP VENTUR 0.22 2.5 1240
509 S 0.50"TAP OVERFLOW 0.22 3.2 730
510 M 0.50"TAP OVERFLOW 0.22 2.9 920
511 F 0.50"TAP OVERFLOW 0.22 2.3 1150

NOTE:

0.50"TAP indicates that the downsprue tested was a 0.5 inch tapered
downsprue.

The pour volume on all tests was held constant at 135 cubic inches.
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Table 13:

RUN
NUMBER

Downsprue Chokes with Wells

POUR WELL DOWNSPRUE CHOKE
RATE DEPTH TYPE DIAMETER

(INCHES) (INCHES)

FILL EVALUATION
TIME SCORE

(SECONDS)

268 5 1.5 VENTUR 0.50 3.5 1850
269 M 1.5 VENTUR 0.50 3.2 1460
270 F 1.5 VENTUR 0.50 2.8 1340
271 S 3.0 VENTUR 0.50 3.4 1350
272 M 3.0 VENTUR 0.50 3.3 1650
273 F 3.0 VENTUR 0.50 3.0 1340
274 S 1.5 VENTUR 0.75 2.8 1660
275 M 1.5 VENTUR 0.75 1.6 1760
276 F 1.5 VENTUR 0.75 1.1 1590
277 S 3.0 VENTUR 0.75 2.6 1461
278 M 3.0 VENTUR 0.75 1.6 1570
279 F 3.0 VENTUR 0.75 1.2 1670

NOTE:

All tests used a 1.5 inch diameter straight downsprue with a 1.75 inch
diameter well.

The pour volume on all tests was held constant at 122 cubic inches.
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Table 14: Runner Chokes with Wells

RUN POUR WELL RUNNER CHOKE FILL EVALUATION
NUMBER RATE DEPTH TYPE AREA TIME SCORE

(INCHES) (INCHES^2) (SECONDS)

307 S 3.0 OVERFLOW 0.115 3.7 1161
308 M 3.0 OVERFLOW 0.115 3.5 1430
309 F 3.0 OVERFLOW 0.115 2.8 1440
310 S 1.5 OVERFLOW 0.115 3.7 1240
311 M 1.5 OVERFLOW 0.115 3.2 1730
312 F 1.5 OVERFLOW 0.115 3.8 1640

NOTE:

All tests used a 1.5 inch diameter straight downsprue with a 1.75 inch
diameter well.

The pour volume on all tests was held constant at 122 cubic inches.
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CONCLUSIONS AND RECOMMENDATIONS

While it is difficult to draw hard and fast conclusions due to the

vast number of variables, some things have been seen over and over

again.

* Attention is first drawn to the importance of the pour rate. It

is noticed that most of the best pours were made at the slowest pour

rate and that the majority of the poorer runs were made at the fast

pour rate. The medium pour rate data fall in the middle. This tendency

of slower pours to be smoother is expected because of the smaller

turbulence induced in the flows.

* The shape of the downsprue, whether tapered or straight, does

not seem to be important as long as the minimum area is small enough

to provide the required choking.

* The use of a well has contributed to the smoothness of a flow,

but its effect can be provided instead by chokes.

* Overflow chokes in the horizontal portions of the mold seem to

be more effective rather than choking in the downsprue, but the use of

both improves the flow.

*While runner extensions and underflow chokes might help to

reduce impurities, they do little to help the smoothness of the flow.
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* Table 15 contains a list of the 10 best runs that were thought

to combine both a smooth fill with a resonable fill time.

Lastly, it is important to point out the experiments that might be

pursued at this point. A large unexplored area is the separation of

impurities using flow control elements. Another important variation in

test geometry might be to test a circular gating system for casting

large round parts.
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Table 15:

RUN

NUMBER

Top Ten Runs

TOTAL FILL TIME
SCORE (SECONDS)

POUR

RATE

DESCRIPTION

147 890 2.6 M TAPERED DOWNSPRUE

WITH A WELL

149 790 3.1 5 TAPERED DOWNSPRUE

WITH A WELL

283 870 3.6 S RUNNER CHOKES

289 870 3.2 S RUNNER CHOKES

466 750 3.0 S DOWNSPRUE AND RUNNER

CHOKES

487 650 3.4 S DOWNSPRUE AND RUNNER

CHOKES

488 750 3.3 M DOWNSPRUE AND RUNNER

CHOKES

503 750 3.3 S TAPERED DOWNSPRUE

WITH RUNNER CHOKES

504 930 2.6 M TAPERED DOWNSPRUE

WITH RUNNER CHOKES

509 730 3.2 5 TAPERED DOWNSPRUE

WITH RUNNER CHOKES
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Appendix A: Definitions

Centrifugal Casting - Casting done in a centrifuge to expose the molten
metal to high accelerations.

Choke - A section of reduced area in a flow passage.

Crucible The pot in which metal is melted for the actual casting process.
The modeling fluid was held in the crucible until the crucible was tipped
and the fluid ran into the tundish.

Cold shot - A casting defect that forms when part of the metal flow
separates from the rest and solidifies. It is then re-engulfed into the
molten flow but does not completely melt back into the flow.

Cold shut A casting defect that forms when two flow fronts come
together and do not completely fuse together leaving a lap line.

Downsprue The vertical flow passage that takes fluid from the tundish
and introduces it to the horizontal runners at the base of the mold.

Feed - When large thick sections of a mold are used to provide extra metal
for other sections of the mold as cooling takes place.

Fill time - The length of time it takes for a mold to fill with fluid.

Flow reversal When a flow starts to fill a cavity and then runs back out
only to come back in again and fill the part.

Gates - Flow passages that carry the fluid from the horizontal runners to
the part.
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Hydraulic diameter - A term used to relate the friction in a noncircular
passage to that in a circular conduit. Hydraulic diameter is equal to four
times the cross-sectional area of flow divided by the wetted perimeter.
Also known as the equivalent diameter.

Investment casting - A form of casting that uses a wax pattern that is
coated with a ceramic shell. The wax is then melted out and the shell can
then be filled with molten metal. Also known as the lost wax method.

Jetting - Fluid spraying through small passages in the mold.

Lap line A visible line that forms when two metal flows come together
and do not properly fuse.

Lost wax process Slang for investment casting. The wax pattern is
"lost" in the ceramic shell to form a cavity to pour molten metal into.

Pour - A pour of fluid from the crucible. One complete run or test in the
experiment.

Pour time - The time that it takes for all of the fluid to be tipped out of
the crucible.

Pour volume The volume of fluid that was placed in the crucible for an
individual run. The pour volume was determined by adding the volume of
the mold to one half the volume of the tundish.

Pumping When the flow front drops down and then goes back up and
continues filling.

Risers - Large cavities that are placed high in the mold to hold molten

metal and feed the part cavities.
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RTV - Stands for room temperature vulcanizing of a silicone gasket
material.

Run - One complete go through of the experiment. Also called a pour.

Separation - When part of the main flow goes in a different direction than

the rest of the flow.

Splash - When beads of fluid are released from the main flow when it
comes in contact with another surface.

Time bar - A block recorded onto the video tapes that counts 1/30th of a
second.

Tip rate - The rate at which the crucible is tipped, which determines the
pour rate.

Tundish - The "funnel" that directs the fluid from the crucible into the top
of the downsprue.

VCR - A home video recorder used to record a video signal on video tape.

Waves Disturbances traveling along the surface of the fluid inside the
mold.
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Appendix B: Fluid Properties

Density:

Water = 1.0 gm /mI

Iron = 7.0 gm /mI

Lead = 10.6 gm/mI

Tin = 7.0 gm/mI

Titanium = 4.1 gm/mI

Viscosity:

Water @ 298 K = .89 cp

Iron @ 1673 K = 2.3 cp

Lead @ 625 K = 2.6 cp

Tin @ 573 K = 1.7 cp

Titanium @ 2033 K = .62 cp

Surface Tension:

Water @ 298 K = 72.0 dynes/cm

Iron @ 1825 K = 1754 dynes/cm

Lead @ 625 K = 442 dynes/cm

Tin @ 525 K = 549 dynes/cm

Titanium @ 1900 K = 1588 dynes/cm
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Appendix C: Photographs of Equipment

Figure C.1: Photograph of Hydraulic Power Unit and Crucible
Control system

Figure C.2: Photograph of Crucible and Crucible Support
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Figure C.3: Photograph of Mold And Mold support system

Figure C.4: Photograph of Vacuum Chamber


