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Heat Transfer Coefficient on External Mold
Surface at High Pressure and Application to
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A relationship is established between the heat transfer coefficient on the external surface of a mold and
the ambient temperature and pressure within the operating range typical of pressure-infiltration casting
of metal-matrix composites. This relationship is based on existing data and correlation for the thermo-
physical properties of the ambient nitrogen. The predicted temperature profiles are in good agreement
with the experimental data obtained for a metal-matrix composite casting process. The application of the
established relationship is carried beyond the experimental evidence to predict the solidification pattern
in the pressure-casting system.

Keywords heat transfer coefficient, high pressure, metal-matfix ~ Nomena in a pressure-infiltrated metal-matrix composite cast-

composite, mold surface ing process. The predicted results are compared with the tem-
perature profiles measured at several locations during the
casting operation. In addition, the effect of this coefficient on
the solidification pattern in the mold is investigated.

1. Introduction

Many industrial processes are operated in a high pressure
enviro_nm_e_nt in w_hich convective heat t_ransfer frqm a hot sur- 2 Problem Considered
face significantly influences the properties of the final product.
In some cases, as in the pressure infiltration of metal-matrix . .
composites, the external surfaces of the mold are exposed to C_:onS|der a_mold containing hot “.“eta" r_netal alloy, or com-
pressurized gas, the thermophysical properties of which Varyposne placed in a chamber pressurized with gaseous nitrogen,

widely over the pressure range of interest. Correspondingly, the2S shown in Fig. 1. The mold surface may or may not be insu-

heat transfer coefficient on these surfaces may change signifi-:(atef]I fr%m the amfblent g?f.s..The ObjheCt'Ve Isto ?gterrpme t?\e ej-
cantly enough to affect the solidification pattern in the mold. ective heattransfer coefficient at the outer mold surface that s

Yet, there exists no systematic and fundamental study of howexposed to the ?mb'e”t nitrogen. A practical embodl_ment of
uch a problem is the pressure-infiltrated metal-matrix com-

this heat transfer coefficient can be reliably determined, at least® i " h i Fio. 2. Th i ists of
within the context of pressure-infiltrated composite casting. posi Ie casting pfrocesfs IT 9v¥_r|1t|nt élg. 't.h Aclaésgifm"con_&s S0
The objective of this study is to develop a simple formulation an alumina preform iully infiitrated wi alloy in a

relating the heat transfer coefficient to the properties of the am_graphne mﬁld' 'Ehe 'gﬂ'tfat'OU alnd c?stmg afrehcarrlelc:j outin a
bient nitrogen, pressure, and temperature, which will be app“_press_ure chamber. The vertical surfaces of the mold are par-
cable to high-pressure casting systems. tially insulated while heat is removed through a chill at the bot-

tom surface. The heat transfer correlation established based on

Several theoretical and experimental studies have bee S T . .
done on heat transfer by free convection from vertical surfacesn.the generic situation in Fig. 1 is used to prescribe the thermal

In the laminar regime, the works of Ede (Ref 1) and Churchill

and Usagi (Ref 2) are worth noting. For turbulent situations,

some empirical expressions have been developed by Churchil ~=— Frassum Chambar

and Chu (Ref 3), Bosworth (Ref 4), Saunders (Ref 5), and

Bayley (Ref 6). Although these expressions have been success

fully applied to processing under normal atmospheric pressure,

their extension to high-pressure conditions has not been sys

tematically investigated. - | Wk purinne Corgidarnd
In this paper, a simple relation is developed for the space-

mean value of the heat transfer coefficient on a mold surface - +——Hisl Malal Al Tempasiia

exposed to high-pressure nitrogen environment. This relation

is then used to model the thermal history and solidification phe-

J. YangandO.J. llegbusi, Department of Mechanical, Industrial and
Manufacturing Engineering, Northeastern University, Boston, MA
02115, USA. Fig. 1 Schematic of generic problem considered
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boundary condition for the real system in Fig. 2. The predic- , 0 U2 A, AgO
tions include comparison of the temperature profiles with the P =PRT+p[A;T+ AT 79+ Ag+ T * 120
experimental data and the solidification pattern inside the o o
mold 0 Ag Aol A10
' +P3 AT +AS+ T +—[|+p mlOT"'All — O
0 T2g 0
. . . . A A
3. Properties of Ambient Nitrogen at High +p5 (A9 + P8 = P +—1;D+ o7 glg+ p8 =~ Pz, 1285
Pressure AT T D 3T P T TG
Ag
9 3 —vp2
The heat transfer coefficient on the outer mold surface de- P DT_ g+p Dr_ + DeXp( ¥P°)
pends on the thermophysical properties of the ambient nitrogen Aoel]
unde_r_high pressure. _These properties inqlgde the demsity +pB DT_+ Dexp( vp?) + p7 D§+ 235D
specific heaC,, viscosityj, thermal conductivitk, and coef- T
ficient of thermal expansiop. The effect of pressure on these go% A,-0
properties has been extensively studied, and valuable relations exp(-yp?) + Dg >t —4D6Xp(—vpz)
and data have been established (Ref 7-10). The relations used to
determine the heat transfer coefficient are presented below. Azy Aszﬂ
P +p11c-|T—+ @Xp(VP2)+pl3DT—2+T3 40
31 DenSIty exp(_yp2) (Eq 1)

The density of nitrogen can be obtained through the follow-

ing state equation (Ref 7): whereP is the pressurep is the densityT is the temperature,

andy and the coefficients f&o Az, are empirical constants. Ja-
cobsen (Ref 7) obtained this state equation by performing a
stepwise multiple regression analysis on a variety of data for ni-
trogen, and the coefficients were determined by a weighted
least squares fit to the selected data. In effect, the additional
terms on the right hand side express the deviation from the ideal
gas relation.

—— Pressure Chamber

— 1 Nitrogen Environment

3.2 Heat Capacity

Motten Alloy The heat capacity,, for the ambient nitrogen can be ex-
\ pressed (Ref 8):
+— Insulator
TCa i
T2 Composite — [Bl i % 2
g B cp-REJr—3+T2+T+B4+BST+BGT
i m—_L (B¢/T)?2eBy/TO

+B,T3+B, 5 (Eq2)
Fig. 2 Schematic of MMC system considered showing (eBy/T-1) 0

thermocouple locations TC1, TC2, TC3

Table 1 Constants used in the study

A; = 0.136224769272827 107
A, = 0.107032469908591

Az = -0.24390072187141810"
A, = 0.3410074493764701CF
Ag = —0.42237480946616710*
Ag = 0.10509869924649410°
A, =-0.11259482652208110™"
Ag = 0.142699789270907 10"
Ag = 0.184698501609007 10
Ajo= 0.811140082588776107
Ay, = 0.23301164503800610°2
Ay, = —0.507752586350986
Aj3 = 0.48502788193121410™*
Ay, =-0.1136567641153641072
A5 =—0.707430273540575
A6 = 0.75170664885268010™*
A7 =-0.11161411953742410°°
A5 = 0.36879656223349610°°

Aqo=—0.20131769134772910°°
Ayy = —0.16971744475594910°
Ay = -0.1197192400441921C°
Ay, =—0.9752182720382841C
A,z = 0.5546397131518281C°
Ay = —0.179920450443470
A, = —0.25624292607718410"
Ayg = —0.41370771509078910°°
A7 = —0.256245415300293
A,g =—0.12422237374006810°°
Ajq = 0.103556535840166107
Agp = —0.53869916655830810°
Ay = —0.75741541283959610°
A, = 0.585367172069524 1077
y=0.0056

B, = -0.7352104011572521C°
B, = 0.3422399804119781CF

B; = —0.557648284567620

B, = 0.35040422830875610"
Bs = —0.17339018508100510"
Bg = 0.17465984976646810°"
B, = —0.35689203354434810°1
Bg = 0.1995387228088341C"
B, = 0.3353406100000001¢"
C, = -6.8939127475 10

C, = 3.5226118983

C; = —6.8357539828 1072
C,=1.5832717315 10

Cs = —2.6418123047% 10°°

Cg = 3.6093303138 10°°

C, = -2.5555598478 102

Cg = 8.563504164% 10716
Cy=-1.0717599408 10°*°
Cyo= 0.2195902219

Cy, = 0.06387370699

D, = 7.4165322904 10

D, = —1.5834400475
D; = 3.853077101% 1073
D, = 8.0133713668 10
D5 = —8.9203123848 107/
Dg = 8.905971131% 1020
D, = -5.3779372664 1073
Dg = 1.739827730% 10716
Dy = —2.3084044942 10°%°
E, = 2.308351436% 10!
E, = —9.363620717% 10
E; = 9.0339184652

E, = —4.1832067168 10
E5 = 1.0897627893 10
Eg = —1.2913856378 10
E, = 5.9782049918 10
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where B to Bg are constants. This relation has been derived by
a least squares fit to the data of Baehr et al. (Ref 8).

3.3 Thermal Conductivity

Following Ziebland (Ref 9) and Jacobsen et al. (Ref 10), the
thermal conductivityk, can be expressed as:

9
i=1

BoT2 (BP0
Cra 75

(Ea 3)

whereg is the Boltzmann's constaffijs the coefficient of ther-
mal expansion, an@d, to C,,are empirical constants. The first
term on the right of Eq 3 is the dilute gas contribution, the sec-
ond term is the excess or dense fluid contribution, and the third
term is the enhancement due to the influence of the critical
point (Ref 10).

3.4 Coefficient of Thermal Expansion

Equation 1 can be used to determine the coefficient of ther-
mal expansiofd from the following definition:

1 VO _ 1 HoPAT),

B=y 00 = (Eq4)
VTS p p(0Pidp)y
3.5 Viscosity
The viscosity of nitrogen can be calculated from the expres-
sion (Ref 10):

7

> Ep

=1

9
=y D709+ (Eq 5)
i=1

whereD; andE; are constants. The first term on the right hand

4. Determining the Heat Transfer Coefficient at
High Pressure

The heat transfer coefficiehtat high pressure depends on
the temperature and the thermophysical properties of the ambi-
ent nitrogen in the pressure vessel, and the external surface
temperature of the mold. Assuming free convective heat trans-
fer, the Grashof numb@&r, over a length. is defined as:

BT, - T3

r.= (Eq 7)

v2

whereT,, andT,, are respectively the mold surface temperature
and ambient nitrogen temperatukds the height of the mold,

v is the kinematic viscosity, anglis the acceleration due to
gravity. For the mold with a cross section 202 mm by 202 mm
and height 388 mm used in this study, the variation of the
Grashof number with nitrogen temperature is plotted in Fig. 3.
At the operating pressure of 5.52 MPa (800 psi) considered,
Fig. 3 shows that the convection is indeed turbulent, because

8.0
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Grx10°

5.0
P=5.52 MPa
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1

700
T(K)

4.0

300 900

Fig. 3 \Variation of Grashof number with side wall temperature

is the dilute gas contribution, and the second term represents

the excess or dense fluid contribution (Ref 10).
The heat capacity, viscosity, and thermal conductivity ob-
tained from Eq 1 to 5 are used to define the Prandtl nuRtber

CpH

Pr= ” (Eq 6)

The values of the constants appearing in Eq 1 to 5 are summa
rized in Table 1. The operating conditions used for the casting
process simulated (Fig. 2) are presented in Table 2.

Table 2 Operating parameters used in the study

Temperature of molten Al alloy, K 993
Preheat temperature of preform, K 923
Operating pressure, MPa 5.52
Ambient temperature, K 298
Height of mold, m 0.388
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Fig. 4 Variation of average heat transfer coefficient with side
wall temperature
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Gr > 1P (Ref 11). Thus, the following expression is used to

calculate the average Nusselt numNer in the turbulent re-
gime (Ref5):
Nu=0.12Gr, )Y3pr1/3 (Eq 8)

The average heat transfer coefficiéintan thus be obtained
from the expression:

h=="" (Eq 9)

Figures 4 and 5 show the variationtofvith mold surface

Using multiple regression analysis (Ref 12, 13), the follow-
ing approximate relationship has been established betiyeen
P, andT for the casting operation conditions in Table 2:

h=-265.64 + 8.99% 10°5P + 1.887 — 4.112x 10°3T2
+2.995x 107673 (Eq 10)

whereh is the heat transfer coefficient in WK, T is tem-
perature in K, an® is the pressure in Pascal. This expression
can be considered valid for the ambient nitrogen temperature of
298 K, the average nitrogen temperature in the turbulent ther-
mal boundary layer in the range 333 to 555 K and the operating
pressure in the range 3.45 to 6.20 MPa (500 to 900 psi).

temperature and the mean nitrogen temperature at 5.52 MPa

(800 psi). Figure 6 shows the variationhofith pressure. The
corresponding effect of mold surface temperaturé @npre-

5. Application to High Pressure Metal-Matrix

sented in Fig. 7. In this turbulent regime, there appears to be a Composite Casting
linear dependence of heat transfer coefficient on pressure at a

fixed nitrogen temperature in the thermal boundary layer. On

The high-pressure infiltration casting process typically util-

the other hand, the relationship between the heat transfer coefizes pressurized gas (usually nitrogen) to force liquid metal into

ficient and temperature is highly nonlinear.

75 — ;

70 .
<
Eoes 1
=
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P=5.52 MPa
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Fig. 5 Variation of average heat transfer coefficient with mean
nitrogen temperature in thermal boundary layer
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Fig. 6 Variation of heat transfer coefficient with pressure
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a preform of reinforcement materials. The specific casting
system considered here is illustrated in Fig. 2. A bank of
thermocouples placed at several locations in the mold was
used to measure the temperature history during the casting
process. Alumina preform was infiltrated with Al 2014 alloy at
a pressure of 5.52 MPa (800 psi) and the casting was initiated
shortly after. The heat transfer coefficient obtained from Eq 10
was used to express the thermal boundary condition on the
lower part of the mold surface that is exposed to the ambient ni-
trogen in a numerical study of the solidification phenomena.
The mathematical modeling involves solution of the follow-
ing equations governing the conservation of thermal energy:

of
pC T_g OkOT) + pLa—ts

= Eq 1l
- (Eq 11)

whereT is the temperature of the composite matepas the
densityC,is the specific heak,is the heat conductivitis is the
latent heat released at the solidification front, umithe solid

80 T T - T

70

2K )

h (W/m

50

— = — 3.45 MPa
4.14 MPa

4 — — - 483MPa
y; - - -.552MPa

6.20 MPa
40 4 1 N I v
700 900

T(K)

Fig. 7 Variation of heat transfer coefficient with surface
temperature

Journal of Materials Engineering and Performance



fraction. Allowance is made for anisotropy &, p, and whereh is the heat transfer coefficient obtained from EqT]0,
k through the rule of mixture between the reinforcement and is the temperature of the mold surface, apds the ambient

matrix. temperature. The bottom surface is allowed to lose heat to the
The heat flux at the external surface of the mold is: chill according to the available experimental data (Ref 14).
Figure 8(a-c) show the predicted and measured cooling
q=h(T, —Te) (Eq 12) curves at three monitored locations identified as TC1, TC2, and
TC3in Fig. 2 in the casting mold. As expected, both sets of re-
700 —— sults demonstrate the highest cooling rates near the bottom
i B chill. The good agreement between the measurements and the
650 predictions validates the relation established in Eq 10.
To demonstrate the effect of pressure on the heat transfer co-
600 efficient and its consequence on the solidification pattern, the
calculations at 5.52 MPa were repeated with a constant value of
:o‘ 55 W/n? [K, an approximate value to the estimated heat trans-
= 550 fer coefficient at 3.45 MPa (Fig. 7). Figure 9 shows the pre-
dicted solidification patterns withobtained from Eq 10 arid
500 = 55 W/n? [K. Clearly, the two patterns exhibit quite remark-
able differences. Specifically, the fixed valuehofinderesti-
450 mates the cooling effect and the solidification progresses rather
slowly. The use of the relationship in Eq 10, on the other hand,
400 R allows for the increase in heat transfer coefficient at the mold
0 200 400 600 800 1000 1200
t (sec.)
(a)
700 T T T T T
650 — - Measured (TC2)| |
600
£ 550
T~ fez001 _—
L -\sgl/— L
0.4
450 a \m//
400 " 1 " 1 " Il " 1 L 1 " 0.7 0.8
0 200 400 600 800 1000 1200 99

t (sec.) ()
(b)

800 T T T T M T T T T T
750 | - i H
— T
700 B
650
£ 600
F 550
500 | g\
450 | - v
L 4 0.3
I ———— \9/
0 200 400 600 800 1000 1200 e
t (sec.)
b
© (b)
Fig. 8 Cooling curve. (a) Thermocouple location TC1. (b) Fig. 9 Solid fraction profiles at 300 s. (R)obtained from Eq
Thermocouple location TC2. (c) Thermocouple location TC3 10. (b)h = 55 W/n? [K

Journal of Materials Engineering and Performance Volume 7(5) Octobef]104B



surface with pressure, thus predicting higher cooling and so-References
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