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INTRODUCTION

Envirommental problems associated with the use of oils and
other liguids in the quenching of stcel have been one of the
primary motivators for the increased interest in their replacement
by inert gases, such as nitropen, helium and hydrogen (cf, Midea
etal., 1996). When oil or other liquids are used for quenching,
the primary heat transfer mode between the quenched metal and
the liquid is boiling, which produces very high heat wransfer
coefficients. The convective heat transfer coellicients between
gas and solid are, however, al least one to two orders. of
magnitude lower, Consequently, 1o oblain higher heat transfer
coellicients in gas-quenching it is necessary to wse high gas
velocities, which unfortunately resull in severe variations of these
coefficients along the quenched surface, and in rather large
energy consumplion by the gas blowers. The {former problem
causes nonuniformitics in the temperature distribution in the
quenched body, with consequently undesirable distortions,
residual  stresses, and nonuniformities in its  mechanieal
properties (cf, Inoue & Wang, 1985, Sjdstram, 1985, Fleicher,
1989, Thevander & Melander, 1993),

To illustrate the problem, Fig, 1 demonstrates the Mow, heat
iransfer and nonunilormities as computed by us for the
convective-conductive problem (details are in the Section on
numerical fow madeling) for cross-flow gquenching of a stainless
sieei cyiimder Inally ar LU K, by means of mtrogen at 10 bar
300 K, with Re = (3.16)10F, Pr=0.7, Bi = 0.66, at Fo = 0,27,
The boundary layer thickens from the stagnation point
downstream, until separation is seen to ocour at about 1007,
followed by a recirculation zone and wake. & is seen to be, as
expected, high in the stagnation region, gradually decreasing
downstream as the boundary layer thickens, rising to a maximum
in the fMow separation region, then decreasing, and furiher
downstream slightly increasing in the wake region,

The pnmary objective of this study is to examine the effects of
the nature of the cooling-gas flow on the transient internal
temperatire distribution in metals during quenching, To that end
we [first examine penerically the effects of nonuniformity of
convective heat transfer coefficients on the internal temperature
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distribution, and then we examine the suitability of several k-¢
turbulent Now models for the computation of these coefficients,
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Figure I: Typical velocity ({/*), surface convective heat transfer
coclficient (), and internal temperature (7) disiributions as
computed for the cross-flow guenching of a sminless steel
cylinder. T,, = 1200 K, =300 K k =20W m'K",

fe=(3.16)10°, Pr=07, Bi = 0.66, Fo =0.27.

SENSITIVITY OF THE INTERNAL TEMPERATURE
MSTRIBUTION TO THE SURFACE CONVECTIVE HEAT
TRANSFER COEFFICIENT DISTRIBUTION

The temperature distribution uniformity and the magnitude of
the temperature gradients in the quenched solid have a primary
cffect on distortions and residual siresses. Om the path to
determining the effect of the cooling gas flow on these
undesirable phenomena, 1015 thus easier and rather useful 1o first
find the sensitivity of these temperature distributions and
gradients to the surface heat transfer cozfficient distbution, The
temperature distributions in tweo practical body shapes, a long
cylinder and a long rod with a square cross-section, subjected to
several convective heal transfer coefficient disributions as



detatled below, have thus been computed, and the resulis are
shown in Figs. 2 and 3.

In addition, the volume-average of the absolute values of the
temperature gradients T"F]"']— the magnitude and location of the
maximal temperature gradignts (VT and a heat-ireatment

A
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——that we have defined, have been

k VTl

caleulited. In heat treatment itis typically desirable 1o have high
overall cooling rates yel low temperature pradients, 1has hgher
values of I' imply a better heat treatment process. Similarly, a
higher surface-te-volume ratio is more desirable in quenching,
and it was raised in this definition 1o the second power so that I
would become dimensionless. We note that while temperature
gridicnts have a primary role in generating distortions, residual
stresses and problems with the final mechanical properties of the
quenched object. due to thermal stresses and peculisrities in the
erystalline phase transformations, these undesirable effects are
affected by other parameters (oo, Our analysis thus provides a
preliminary good insight into the problem, bur a full analysis of
the conjugate flow, heat ransfer, clasto-plastic behavior, and
phase change problem must be conducted for more precise
results, and it is indeed under way 21 the Faxén Laboratory and
elsewhere (ef. Thuvander & Melander 1993, Inoue et al., 1996,
Dowling et al., 1996).

Figure 2 shows the conditions and resulis during quenching of

along cylinder. The & distributions used are: in the first column

“{a) uniform ki along the surface, ar a value comparable to that
obtained for practical gas quenching; in the second column (b)
values of h computed by us using the LSY-CG version of the ke
turbulent Mow model for Re = (3.16)10%, Pr = 0.7, with details
discussed in the following seetion: and in the third column {c),
the experimental values of Zukauskas and Ziugkda (1984) for
the same conditions,

As expected, a vniform £ produces a uniform temperature
distribution in this fully symmetric bedy cross section. Regions
of lower fi (such as in 60°-90° in Fig, b and 70°-90° in Fig, 2¢)
produce regions of smaller internal temperature gradients, while
regions of higher & (95°-105% in Fig. 2b and 1157 in Fig. 2c)
produce regions of higher internal temperature gradients,
Motably, internal iemperaiure pradient asymimeines are peneraled
by the noauniformitics in h. In addition o the magnitude of the
lemperature gradient, such asymmetrics, if of sufficient strengih,
would give rise 1o distosion.

The quenching figure of merit T shows small but physically-
consisient changes between the different fi distributions: I
tiEases win increased uniformity of &, and it decreases with
time. The maximal gradient, (VT o 15 located on the cylinder

surface at g = 1207 for the experimentally-ohiained values of
(Fig. 2c). and at ¢ = 107* when the & is predicied by simulation
(Fig. 2b). It increases significantly with 1he nonuni formity of &,
by up to 56% in the considered range of parameters, as compared
with the uniform & distribution. Even the relatively small
mcrease in nonuniformity due to numerical model inadequacy
teomparing Figs 2b and 2c) is seen to cause an increase of up 1o
28% in [

Freliminary numerical analysis of cross flow of pas over holter
prismatic ohjects (such as the rod of rectangular cross section in
Fig. 3} have indicated that /i in many cases tends 10 be Jower neas

figure of merit T" =

the corners (where separation typically securs) than at the Center

of each face (stagnation). We have s applied three somewlyag

arbitrary distiributions of & 10 a steel bar of rectangular crogg

seclion; a linear one (Fig. 3b) and a quadratic (Fig. 3¢} which

follow this pattern, and a unifoom ki {Fig. 3a) for comparison, For -
simplicity, the heat conduction analbysis was performed on only

V8 of the cross section, with cach vertical line in Fig. 3 being

half the cemerline of the corresponding square.  The averape

magnituche of i in all cases is a practical 300 W m? K,

In general, I behaves in a way similar to that exhibined with
the eylinder. It is the highest for the uniform J (Fug. 3a), lower
for the linear distribution of & (Fig. %) and lowest for the
quadratic distribution of & (Fiz. 3¢). (VT)_ is also locatey o

i
the surface, always at the center of the Face, s also lwest fow Lhye
uniform disiribution of f, but is highest, by 2.5-fold, lor the
quadratic distrbution of fi.

Probably the most notable observations from the analysis are
(1}as expected and in contrast with the cylindrical cross SCCTion,
the isotherms here are not parallel o the body contour, creating
different temperatuses and gradicnts along the surface even fur a
wniform fo, and (23 while a uniform & makes the cormers coldesy,
application of the more realistic distibutions of i reverses this
behavior by making the comers warmest The femperature
gradients are smallest at the corners in both cses, Henee, i s
expected that the highest distontions and residual stresses shife
Trom the corners o the center as the changes from uniformily
tor the realistic nonuniformities considered here.

EXAMINATION OF HNUMERICAL FLOW MODEL
SUITABILITY

To obtain the high heat ransfer cocllicients needed for
guenching, high gas velocities and pressures wre needed, restilling
in fow Reynolds numbers of 10° - 107, The llow is (hus highly
turbulent, and furthermare goes throwsgh separation and formation
of complex wake-type regions. In typical quenching lurnaces the
approaching Now is anisotropic and containg some degree of
turbulence already. Modeling and understanding are signi ficantly
complicated further by the Taet thi i nuny cases the guenched
objects are stacked in some manner in a hasket oron 3 grid, with
witkes frum one forming the upstream Now of the oiher.

In an eflort o identify a reasonable way for predicting the
distribution of & along the body surface, we have Focused on
several varianis of the k- model {of, Launder and Spalding,
1974, whicl is currently probably stll the only practical mesdel
For solving turbulent Now problems in realistic applications, AL
LI SIERRE TEmes, whike these maodels eften acoount reasonahly well
for some of the overall flow parameters such as (ke [HrEssIe
coefficient, we and others have found that they Lypieally produce
large errors in the prediction of the b distribution.

k-¢ mrbulence modeling is only applicable in high Re regions,
and it must be modilicd in regions close 1o 1he wall where e
local Reynolds number iz low. Further difliculiics are known io
occur in separated and recirculating Now regions (ef, Patel et al.,
983, Heyerichs and Pollard, 1996).

A popular methad to render the k-¢ moded wse ful near the wall
is Low Reynolds Number Modeling, exemplificd by (he Launder
and Sharma (1971) model (LS). Yap (1987) has proposed a
mexfification to the LS madel (LSY) 10 improve the prediction in
flows with adverse pressure gradients. It is known that this model
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c. N distribution from experiment

temperature distributions inside a stainless sieel cylinder at T, = 1200k, for & distributions:

us, for nitrogen at 10 bar, 300 K, and (c} experimentally- nhmrm:i (2 ukauskas and Ziugida,
are during cross-flow quenching by gas at Re = (3.16)10%, Pr=10.7. k=20 W m KB = 0066,
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Figtire 3: Comparison of the transient temperature distributions inside a stainless steel sqquare reod an T, =1200K, & = 20

Win ! fslﬂ:_l}, i = 0.45, for given I distributions: {a) uniform(b) linear, and (¢} quadratic. As sketched in the inset, 1/8 of the
rodd cross section is shown, with the venical line betng its centerline.

174



predicts well flows in which the transition is close 1o the forward
stagnation point. Further modifications, proposed by Cho and
Goldstein (1993} (LSY-CG) with particular concern  for
recirculating Mows, include employment of the Yap correction
term but only when it is positive, thus avoiding the physically-
unreasonable possibility that dissipation may be nepative. A
brief summary of these corrections, all having been confined to
the additional term E in the LS dissipation (€} equation (cf,
Heyerich and Pollard, 1996, eq. 7), is given in Table 1.

TABLE 1
The differences between the three k- models
compared here.

The —
Model E
s aaf Fu)’
Pl oay?
2 =]

LSY 2B Bl 330t - 1y

P&yt k
LSY-CG As LSY but 2™ lerm used only if d » 0

where o = 9% ye

The numerical analysis was performed by using the
commercial finite-dilference code CFX (AEA Technology, 1994);
The object ehosen was a eylinder, for which ex perimental data is
available for comparison. The Re for the computations was
chosen to be one in which the flow is steady, with a low free-
stream turbulence of 1.2% . A graduated prid, with at least 80
points in the boundary layer region, as recommended o the
literatute, was chosen. Convergence was checked by {1} iteration
until the residuals were reduced 1000-fold, and then, (2) grid
independence was checked by changing from the second-order
scheme to a first-order one, If then the residuals did nat change
and continued to diminish, the grid used was considered (o be
satisfactory.

Figure 4 shows the comparison of the distributions of A as
computed by these three turbulent flow models and as obtained
experimentally by Zukauskas and Ziugida (1984). The
commonly-used LS model predicts & reasonably well from
stagnation to about 90°, but overpredicts it significantly (up to
about S00%) further downstream, especially in the separated
wake region. The LSY mode]l an the rher hand osrnrediet= &
significantly upsiream, up to approximately the separation point
but gives results which are within about 10% from the
experimental ones in the wake region. The LSY-CG model is
overall the best of the three, with the same accuracy a5 the LS
model up to 907 and with an underprediction of up 1o about 40%
in the separated flow region,

Muodels of turbulent flow over solid bodies are often judged by
their ability to predict some characteristic flow parameters. We
have confirmed that the errors which the models produce in
predicting the pressure coeflicient are significantly different from
those they produce in predicting £ Owverall, the LSY-CG model
was still to be the best among the three models compared even in
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predicting the pressure coeflicient.
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Figure 4: Comparison of the distributions of conveetive heat
transfer coefficients in cross-flow gas-quenching of a cylinder at
T,,=1200K, as computed by three versions of the k-& model and
as determined experimentally by Zukauskas and Ziugzda (1984).
Re= (3106}, Pr=10.7. The computaticns were for nitrogen at
10 bar, 300 K.

CONCLUSIONS AND RECOMMENDATIONS

The magnitude of the maximal temperature gradient in the
quenched body is highly sensitive to the local magnitude of
the convective heat transfer cocfficient A

The maximal temperature pradients occur on the bl y
surface, where fi is mazimal,

The temperature distributions and gradients in the quenched
body can be controlled by flow manipulation

Two of the most popular k-& models we have examined, LS
and L3Y, have produced unacceptably farpe errors in the
distributions of  around a eylinder in highly turbulent flow:
the third one we have adapted, LSY-CG, predicts it much
better overall but still has local errors of up to -40% which
occur in the separaled region. This error remains significant
since, as shown with the cylinder, even a relatively small
increass in nonuniformity due to numerical mode) inadeguacy
is seen 1o cause an increase of up io 28% in L ) T

-

It is encouraging that there we bave been able (o adapt a k-€
melel (LEY-CG) which predicts k distributions with ETTOrs
acceptable for at least rough estimation of the interior
temperature profiles, but further search for and development
of turbulent low and heat transfer models which reduce the
prediction error is recommended.

It was nol possible to foresee the f-prediction accuracy of
these k-& models by the knowledge of their accuracy in
predicing How parameters such as the pressure coefficient:
the errors which they produce in predicting these heat
transfer and flow parameters are significantly different.

NOMENCLATURE

A, surface area of the quenched part, m®

Bi Biot number, = b

I length scale constant inE

E the additional term in the turbulgnee dissipation equation
Fer Fourier number, = av/L*

h the local surface convective heat transfer coeflicient, =

Gl . Wi K



k turbulent kinetic encrgy, m's”
k, thermal conductivity of the solid, Wm' K
[ side of the square rod, m
L, characteristic dimensicen of the body: & for the cylinder,
L72 for the square rod
Pr Prandtl number for the gas, v /e
q, the averall convective heat loss from the surface, W
oy loeal convective heat Mux at the solid surfave, Wm?
r raudial coordinate, m
K radius of the cylinder, m
Re Keynolds number, w L /v
i ime, &
T temperature, K
T, temperature of the cooling gas, K
T initial temperature of the solid, K
Tor The local temperature at the solid surface, K
¥ coordinate normal 1o the solid surface, m
e the velocity component in the free stream direction
v the velocity camponent in direction perpendicular to «
i, the upstream inlet velocity, ms!
L- dimensionless velocity, (¥ + %/,
v volume of the quenched part, m?
.ﬁ?"“m the local temperature difference between the solid
surface and the far fuid, =T, - T,
£ the dizsipation variable used in the k-& model, mts?
A
g7’
r a heat treatment ment number, 8 ————
£V
H the molecular dynamic viscosity, kgm' s
Hy the wibulent dynamie viscosity, kgm' s
v kinematic viscosity of the gas, ms™
fi] arimuthal angle,

(V7). maximal temperature gradient in the solid body, Km!

[V the volumetric averagze of the absolue temperature

gradients in the solid, = ivf|vﬂtivp Km™
v
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