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Abstract

Gas quenching is a relatively new process with several important advantages, such as minimal environmental impact, clean products,
and ability to control the cooling locally and temporally for best product properties. To meet the high cooling rates required for quenching,
the cooling gas must flow at very high velocities, and such flows are highly turbulent and separated. Consequently, there is a need for good
understanding of these flows and their consequences for the process. To that end, we researched the state of the art, and have conducte
numerous numerical and experimental studies and developed CFD models on this subject, and show the results for flows inside quench
chambers and their components, and for external flows, including multi-jet impingement, on cylindrical and prismatic single and multiple
bodies (the quench charge). Velocity distributions and uniformity, pressure drop, and flow effects on heat transfer coefficients and product
uniformity, as well as recommendation for improved processes, are shown.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction passages to assure good flow distribution across the charge,
and to minimise the flow pressure drop. We have conducted
The use of gas instead of liquid as quenchant has en-studies [2,3]) with the objectives to (1) investigate the
vironmental, product quality, process control, safety and reasons for flow nonuniformity in gas quenching chambers
economic advantages (dfl]) and its improvement is un-  and develop ways for their alleviation, and (2) develop
der intensive study at the Faxén Laboratory of the Royal computational fluid mechanics tools for simulating the flow
Institute of Technology, Sweden (¢2-15) and elsewhere  in such chambers. A scale model of such a chamber was
(cf. [16]). The primary effort is focused on finding ways to  constructed, and detailed experimental studies of the flow
generate sufficiently hlgh heat transfer coefficients, and to in it were conducted. A numerical program, adapting com-
produce cooling which results in minimal distortions and mercially available software, was developed to simulate the
most uniform mechanical properties of the quenched parts.flow in cold gas quenching chambers of complex configura-
A review of the cooling process in gas quenching, including tion. The model was successfully validated by comparison
flow in quench chambers, furnaces, and their components,with the experimental data we have obtained from the scale
and cooling of single and multi-body quench charges is model. The geometry of such a chamber is showfiin 1,
presented, with emphasis on the fluid mechanics and heatyhere (1) is the gas inflow from blower; (2) upflow, split
transfer aspects. The state of the art can also be found ininto two streams; (3) flow direction reversal and merger;
the citations contained in the quoted references. (3-4) the quench charge zone; (4) gas exhaust, split. The
velocity distribution is shown irfFig. 2, where there is also
a comparison of the results for the gas assumed as com-
pressible to those where it is assumed incompressible. Only
2.1. Quench chambers and furnaces one half of the quench chamber is shown due to symmetry.
The fastest downflow in the central duct is at the centerline;
The high gas velocities and pressures required for note recirculation eddies next to the charge zone wall.
gas-cooled quenching dictate careful design of the flow  The flow distribution for nitrogen at the extreme condi-
tions considered in this analysis, 50 bar, with an average ve-
* Tel.: +1-215-898-4803; faxi1-215-573-6334. locity of 30 m/s in the charge zone, is shownFig. 2 The
E-mail addresslior@seas.upenn.edu (N. Lior). flow is seen to converge towards the centre as it reverses

2. Flow inside quench chamber and their components
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Nomenclature

duct length ratiolL/D, dimensionless

duct flow cross-section aspect ratagb,
dimensionless

Surface area of a quenched body m

Biot number,hLc/ks, dimensionless

jet nozzle diameter

Characteristic dimension of a duct, such as
diameter, m

Fourier numbergz/L:2, dimensionless
convective heat transfer coefficient, WAK 1
gap between jet nozzle outlet and cooled
body surface, m

thermal conductivity, Wm!K—1

duct length, m

characteristic dimension of a quenched body
velocity nonuniformity criterion,

N = (Lua [ (1/$)(u — uay)?ds,
dimensionless

Nusselt numbemLck—1, dimensionless
pressure, Pa or bar

Prandtl numbery/«, dimensionless

overall convective heat loss rate from the
surface of a quenched body, W

Reynolds number based on characteristic
dimensionD (uDv~1)

cross-sectional duct flow area?m

pitch between jet nozzles, m
temperature, K

free stream turbulence intensity, %
velocity, ms!

volume of quenched body,

Greek symbol

thermal diffusivity, nfs—1

o

r a quenching uniformity figure of merit,
I' = §.(Ag/ W2/ (kg|VT))

v kinematic viscosity, rhs1

T time, s

|[VT| the volumetric average of the absolute
temperature gradients in the quenched body

Subscripts

av average

S solid, or surface

direction after hitting the lid at the top. It forms a high speed
core downflow, reaching at the duct centre a velocity up to

Fig. 1. The configuration and main dimensions (in mm) of the experimental
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chamber, and the air flow directions in[].

For all gases at all the pressures the downflow width (be-
tween the side-walls) was about 61-62% of the total flow
width, increasing within this range with the flow Reynolds
number, as shown ifig. 3. Noting from Fig. 3 that even
this downflow has a severe flow variation in the horizontal
direction, this clearly indicates that the chamber design is

poorly suitable for heat treatment.

about four times the average, as well as a large accompany-

ing recirculation eddy which has a downward flow direction
near the downflow core and an upward flow direction near rig. 2. The computed flow distribution in the chamber, for flow of nitrogen
at 50bar, 20C, and average velocity of 30 m/s in the charge zf#8].
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Fig. 3. The fraction of the charge zone width in which there is downflow Fig. 4. Effect of circular-to-rectangular cross-section transition length on
(computed at 0.227 m under the lid), as a function of the Reynolds number, velocity nonuniformity, P = 1 bar, T = 2983K, Rep = 5.9 x 10°, [4].
for all the gaseg3].

ducts were seen to improve flow uniformity. Further details

Some of the main conclusions about flow in quench cham- are available irf4] in this issue.

bers are:
3. The relationship between the cooling flow field and

e The velocity nonuniformity is nearly independent of the the temperature distribution inside quenched bodies

type of gas.

e The flow characteristics and overall pressure drop are The temperature distribution uniformity and the mag-
nearly independent of the gas temperature in the temper-pitude of the temperature gradients in the quenched solid
ature range considered. have a primary effect on distortions and residual stresses.

e The flow nonuniformity is caused primarily by the flow  on the path to determine the effect of the cooling gas
pattern dictated by the chamber design, where upflow gasfiow on these undesirable phenomena, it is thus easier and
streams are reversed in direction and merged before theirrather useful to first find the sensitivity of these temperature
entrance to the charge zone. distributions and gradients to the surface heat transfer co-

e The employment of a perforated plate at the entrance to efficient distribution. The temperature distributions in two
the charge zone, as used in one commercial design, doegyractical body shapes, a long cylinder and a long rod with
eliminate the recirculation eddies but still leaves a highly g square cross-section, subjected to several convective heat
nonuniform downflow and increases the overall pressure transfer coefficient distributions have thus been computed
drop by more than 45%. With the same inlet pressure, the 5] | arge temperature gradients were found, especially,
latter effect causes, however, the velocity to decrease t0gs expected, near the body surfaces and corners. In ad-

half of its value when this plate was not employed. dition, the volume-average of the absolute values of the
temperature gradients, and a heat treatment figure of merit,
2.2. Quench chamber and furnace components I' = §.(As/V)? /(ks|VT)), that we have defined, have

been calculated. In heat treatment it is typically desirable to
The flow ducting geometry in quench chambers is of- have high overall cooling rates yet low temperature gradi-

ten rather complex (cFig. 4), with flow splitting, 90—180 ents, thus higher values @f imply a better heat treatment
bends, and circular-to-rectangular cross-section (or otherprocess. Similarly, a higher surface-to-volume ratio is more
shapes) transition ducts (the latter are used, for example, bedesirable in quenching, and it was raised in this definition to
tween the circular blower duct and the rectangular quench-the second power so that would become dimensionless.
ing baskets). Similar situations exist in forced convection  We note that while temperature gradients have a primary
furnaces. To provide design guidance in the choice of suchrole in generating distortions, residual stresses and problems
ducts, and focusing primarily on circular-to-rectangular tran- with the final mechanical properties of the quenched object,
sition ducts, the flow was modelled and computed. Sensi- due to thermal stresses and peculiarities in the crystalline
tivity of the velocity uniformity and pressure drop to the phase transformations, these undesirable effects are affected
primary geometric parameters, pressure, and Reynolds numby other parameters too (¢6-8]).
bers was examined, with an ultimate objective to produce I" was found to increase with increased uniformityhof
optimal designs. Low length-to-(inlet diameter) ratios (cf. and to decrease with time during the cooling period.
Fig. 4) and high exit cross-section aspect ratios were shown More about the relationship between the cooling flow field
to increase both distortion of the exit velocity field and and the steel property consequences is present8dation
the overall pressure drop. Expanding—contracting transition 4.1 below.
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4. Convective cooling of bodies o £
4.1. Single bodies, unidirectional flow

4.1.1. Single round cylinders in cross flow
A k-¢ turbulent flow and heat transfer model was adopted
([5-8)) to predict theh distribution over cylinders. In com-
parison with available experimental data, it was found to be
much better than two of the most popular ones in use, but still .
may have local errors of up to about 40%. To illustrate the N % \\\
cooling nonuniformity problemkig. 5shows the flow, heat 3 X R
transfer and nonuniformities as computed by this model for 7 &\\
cross-flow quenching of a steel cylind&he boundary layer ‘-.\
thickens from the stagnation point downstream, until sepa- ‘
ration is seen to occur at about the azimuthal angle of, 100
followed by a recirculation zone and wake. As expecled, Fig. 6. Polar diagrams of heat transfer coefficigmtsurface temperature
seen to be high in the stagnation region, gradually decreas-T and outer radius changaR. The temperature is given after 7s for
ing downstream as the boundary layer thickens, rising to a Re= 1.0 1¢° [8].
maximum in the flow separation region, then decreasing, and
slightly increasing in the wake region further downstream. large enough to produce a fully martensitic microstructure,
This model, as well as available experimental and repre- the nonuniform heat transfer will also result in nonuni-
sentative data (cf9,10]), were used to define the distribu- form microstructure and other nonuniform properties such
tion of the convective heat transfer coefficient around the as hardness, as well as lead to additional distortion from
body surface as the boundary condition of a heat treatmentmixtures/distributions of constituents with different specific
simulation code developed at the Swedish Institute for Met- volumes, and (3) the magnitude and distribution of the
als Researclhi6—8]. It can be used for prediction of tem- convective heat transfer coefficients at the surface of the
perature, microstructure, stresses and distortion of quenchedjuenched piece have a significant effect on its distortion
steel bodies. A direct dependence of the distortion on the and mechanical properties.
extent of convective heat transfer nonuniformity was estab-
lished for bearing steel tubes and solid cylinders, and an4.1.2. Single square cylinders in cross flow
example of the results is shown iig. 6. As seen and ex- Local Nusselt numbers on the surfaces were evaluated
pected, surface zones at whibhis higher are where the from the measured surface temperatures using a ther-
body contracts as a consequence of quenching, and v.v. ~ mochromic liquid crystal (TLC) techniqug®-12], and the
Some of the other conclusion are that (1) the magnitude velocity distributions around the test bodies were measured
of the maximal temperature gradient in the quenched body using particle image velocimetry (PI1V), on single quadratic
is highly sensitive to the local magnitude bf hence af-  cylinders, for attack angles of = 0° and 45 with respect
fecting mechanical properties, (2) if the hardenability is not to the upstream flowRewas varied from 39,000 to 116,000,
and the upstream free stream turbulence w894%.
Fig. 7 shows a velocity distribution around a cylinder.
Typical is the fairly attached flow at the front surface,

300 ——==

E 150
100
1 [ I~ 3
The cylinder”  T=g00 1050 1000 950 K  h=100 700, sol
surface Wm-2K- X
Fig. 5. Typical streamlines, surface heat transfer coefficigrarid internal gl

temperatureT) distribution as computed for the crossflow quenching of a
stainless steel cylinder. Initial cylinder temperaterd 200 K, quenching
gas (nitrogen) temperature 300K, P = 10bar, ks = 20 Wnmr 1K1, Fig. 7. Instantaneous velocity field, single cylinder, flow angle of
Re= 0.316 x 1%, Pr = 0.7, Bi = 0.66, Fo = 0.27 [8]. attack= 45°, cross flow (from left)Re, = 78,000[11].
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Fig. 8. ScaledNu distributions for a single cylinder of sid®, at different
Re flow angle of attack= 45° [11]. The abscissa/D indicates locations 40D
along the surface= 0 at left-most corner= 1 at top corner= 2 at rear

corner. Symbols: independent measurements using thermocouples. 200

separation at the upper corner, and highly complex wake g b ' ' * - p

flow. FOHOW'ng that flow patter.nNu Is seen InFig. 8 to Fig. 9. Nu distribution along the cylinder surface in axial flow for three
decay downstream from a maximum at the front corner, and re Tu = 6.7% [12].
closer to the middle corner it starts to increase again (note:

the trends and values shown in this figure &gl 11are at Relative to the flow with very low free stream turbulence

least approximately correct, but are still being validatéul). (Tu = 0.3%), increasingTu to 6.7% caused an increase in

for the rear surfaces were i_n average 1.26-1.62 times higherthe heat transfer coefficient up to 22% and when a flow
than for the front surfaces in this rangeR®é& The localNu

. . : . modification insert was used the nonuniformity was reduced
was in general increasing from the middle corner towards up to 35%. Correlations betwedyu and Re in the form
the rear corner. It is obvious from the results tNatvaries NU — CRé.Were developed for all of the cylinder surface
by al_oout three-fold along the cyl_lnder surface, typically wherec ande are empirically fitted coefficients.
peaking at the front attachment point and at the corners.

4.1.3. Single round cylinders in axial flow 4.2. Multiple bodies, unidirectional flow

Convective heat transfer coefficient information for high
Rein such flow configurations is nearly unavailable, so the
local heat transfer coefficient distributions on a two-diameter
long cylinder (150 mm in diameter) was measured in ax-
ial flows of air, at Reynolds numberfR¢ of 8.9x10* to
6.17x10° (9-63m/s)[12]. The measurements were per-
formed at different upstream flow turbulence leva)(
using a turbulence-generating grid, and by using flow mod-
ification inserts in front of the cylinder. The heat transfer _ .
coefficients were evaluated from the measured surface tem- ppereins - e |
peratures on the cylinder round envelope, and the flat ends,
using a thermochromic liquid crystal (TLC) technique.

The results are shown iRig. 9. On the front (upstream)
surface of the cylinder, a—b, the heat transfer profiles are al- Trsol
most flat. The average dfu is significantly higher along E
the surface b—c, on which a maximum of roughly double
the value at surface a—b, was found atiDféom the front

More often than not, quench charges are composed of
groups of parts, loaded as such into a quench chamber. Ob-
viously, the flow at any one of these parts is affected strongly
by the presence of other parts in that charge, and it is im-
portant to understand that interaction and its effect on local
and overall cooling rates. Some of our experimental results
are shown and discussed here.

240
210|475
180 ==

120F NS
sor

edge. On the rear surface c-MiJ drops to a value 30-50% 60 B 5 :

lower than that at a—b, increasing from the edge. The av- 30

erages along the whole surface a—d, were for these three 0,30 B0 80 150 150 160 210 240 270 268
Reynolds numbers found to iéu,—¢ = 803, 535, and 337, [mm]

respeqtlvely. Similar to the result for Cylmd_ers in cross flow, Fig. 10. Instantaneous (instant when the flow is bypassing the cylinders)
Nuvaries by about three-fold along the cylinder surface, but velocity field around two cylinders in a row, at distanpe= 2D, flow
here peaking along the round surface (b—c). angle of attack= 45°, Re= 78,000[11].
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The flow between and around a bank of four cylinders
in a square arrangement and flow angle of attack5® is
shown inFig. 12 Nu,y on the rear surface of the downstream
cylinder was 0.67 of the value on the front surface.

It is noteworthy thafNu,y, is highest for the downstream
cylinder in a two-cylinder bank, becomes lower for the
downstream cylinder in a four-cylinder bank, and is lowest
for the central cylinder in the five-cylinder bank. Another
important conclusion is that the upstream cylinder cooling
differs significantly from that of those downstream, which
experience, on the average, much closer cooling rates.

0 0.6 1 156 2
SID .. . . .
5. Multi-jet impingement quenching
Fig. 11. ScaledNu,, for the second of two cylinders in a row at different

Re di =2D, fl le of k= 45° [11]. . - . .
§ distancep - flow angle of attack= 45" [11] Due to the high heat transfer coefficients it produces, jet

The local Nusselt numbers on the surfaces together with impingement, which is increasingly used in industry to cool,
the velocity distributions around the test bodies, were evalu- heat or dry a surface in applications such as cooling of gas
ated from TLC measurements performed on quadratic cylin- turbine components, drying of textile, film and paper, and
ders, in different configurations, for attack angles o&0d annealing of metal and plastic sheets, is of interest here.
45 with respect to the upstream flow directifbl]. Re It has been the topic of many papers and several reviews;
was varied from 39,000 to 116,000, while the upstream free the most relevant ones to this study being those by Martin
stream turbulenceT() was <0.04%. The configurations in-  [17] and Viskantg18]. The study of such cooling remains
cluded two, three, four, and five cylinders, as partially shown Intensive.
below, with different pitches. It is obvious from the results A commercial nozzle-field gas quenching system is pre-
thatNuvaries by about three-fold along the cylinder surface, Sented irFig. 13 [13,14] After austenitization, the rings are
similar to the ratio with single cylinders, typically peaking placed one at a time in the device for quenching. The air (or
at the front attachment point and at the corners. nitrogen) at approximately atmospheric pressure is blown

For two cylinders in a row, flow angle of attack 45°. into the device. The air passes at high speed through the in-
Fig. 10 shows that the second cylinder is subject to wake ner and the outer nozzle fields and impinges on the inner
flows from the first cylinder, which are found to be peri- and outer faces of the rings. It then exits the device in the
odic (about 50 Hz), with the flow going for some instance upward and downward directions. The ring lies on a rotat-
up, another instance down, and yet for another almost by_ing base, which makes it spin, improving the uniformity of
passing the inter-cylinder gap. The nature of this oscillat- the cooling.
ing and vigorous flow generates higher averalyefor the A number of empirical formulas available for comput-
downstream cylinder than was found for a single cylinder. ing multi-jet impingement cooling heat transfer coefficients
As seen irFig. 11, theNuvaries along the surface by about Were evaluated, and Martin’s formula7] was found to be

two-fold. Increasing the inter-cylinder pitch fronD2o 4D most suitable. . .
decreased the averadi on the downstream cylinder, but To estimate whether the convective heat transfer coeffi-
only slightly. cients predicted by this formula are sufficiently high to pro-

duce a fully martensitic transformation during quenching,

298[ ' P S
|

270 TIDIISIILL e Rine inserti
LT Qﬁﬁ; Ring wall ing insertion
240 RNy ] .

A / # ﬁf?’; thickness guidance cone
210 Ry’ T | p
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Fig. 12. Average velocity data around four cylinders, pitet2D, flow
angle of attack= 45°, Re= 78,000[11]. Fig. 13. A nozzle-field gas quenching device for rirjd].
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0.014 passages. This can be most effectively done by preliminary
CFD modelling and simulation. When designing ducts with
0.012] flow area changes, low length-to-(inlet diameter) ratios and
high exit cross-section aspect ratios increase both distortion
of the exit velocity field and the overall pressure drop.
L " In unidirectional cross- or axial-flow cooling of round or
Iet gltpht square cross-section cylinders, variations in the heat transfer
0.008 coefficient of up to about three-fold occur along the cylinder
] surface. These nonuniformities are somewhat diminished by
0.006 - increasing the upstream free stream turbulence intensity.

Obviously, knowledge of the heat transfer coefficient
distribution along the quenched part surface allows, in
conjunction with solid mechanics and phase transition
modelling of the quenched part, the prediction of extent of
Fig. 14. Constant heat transfer coefficiemtcontours in Wm2K=1, as a phase transformation, mechanical properties, and distortion
function of H andt for d = 0.001m, inline jet arrangement and constant  f the part. This was indeed done, indicating that distortion
blower power[14]. and property-nonuniformity are somehow proportional to

the nonuniformity in the surface heat transfer coefficient.
two numerical models have been developed: (1) a transient In a charge composed of a number of cylinders, the up-
heat conduction model to compute the temperature field stream cylinder cooling differs significantly from that of
history in an austenitic body during quenching, and (2) a those downstream, which experience, on the average, much
phase transformation model to estimate the transformationcloser cooling rates. The cooling depends in general on the
of austenite to pearlite and bainite occurring during quench- specific location of the part.
ing as a function of temperature. Combining these models, High and uniform heat transfer coefficients can be ob-
computations were made for various steel ring sizes to tained in multi-jet impingement cooling, and this process
determine thér needed to quench a ring for a certain trans- can be optimised by the design of the impingement system
formation fraction[13,14] This is another example of how and its adaption to the specific parts that are being quenched.
one can estimate the convective heat transfer information
for attaining a desired level of phase transformation in
quenching. Acknowledgements
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