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PREDICTION OF CONVECTIVE HEAT
TRANSFER COEFFICIENTS AND EXAMINATION
OF THEIR EFFECTS ON DISTORTION
OF CYLINDRICAL TUBES
QUENCHED BY GAS COOLING

A. Thuvander, A. Melander, M. Lind, N. Lior, F. Bark

The primary objectives of this study are to model the nature of the high-turbulence
complex quenching cooling-gas flow, with flow separations, and to examine its effects on
the resulting distortions, here of bearing steel tubes. A k—e turbulent flow and heat tran-
sfer model we have adopted was found to predict the convective heat transfer coefficient

distribution reasonably well for Reynolds number up to about (0.3)106. At higher Reynolds
number (here examined up to 109) it predicts them reasonably well in most of the cylinder
windward and leeward zones, and predicts well the angles at which transition to turbulent
starts and at which the flow separates, as well as the existence of two maxima and two
mininia in the heat transfer coefficient. It, however predicts values about 100% higher
than those available from the available experimental data in the laminar-to-turbulent
boundary layer transition zone. This model, as well as available experimental and
representative data, were used to define the distributions of the convective heat transfer
coefficient around the body surface as the boundary condition of a finite-element program
developed at the Swedish Institute for Metals Research for predicting the temperature
distribution history, phase transformations, distortions and mechanical properties of
quenched steel bodies. The dependence of the distortions on the extent of convective heat
transfer coefficient nonunifornity was analyzed.

INTRODUCTION

Environmental problems associated with the use of oils
and other liquids in the quenching of steel have been one
of the primary motivators for the increased interest in
their replacement by inert gases, such as nitrogen,
helium and hydrogen [ 1 ], To obtain convective heat
transfer coefficients (h) that are high enough for gas
quenching it is necessary to use high gas velocities,
which unfortunately result in severe variations of these
cocfficients along the quenched surface. These varia-
lions cause nonuniformities in the temperature distribu-
tion in the quenched body, with consequently undesira-
ble distortions, residual stresses, and nonuniformities in
its mechanical properties (ef, [2]-[7]).
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To illustrate the problem, Fig. | demonsirates the flow,
heat transfer and nonunifornities as computed by the
Faxén laboratory team for the conjugate convective-con-
ductive problem [8] for cross-flow quenching of a steel
cylinder initially at 1200 K, by means of nitrogen at 10
bar 300 K, with Reynolds number Re = (3.16) 105,
Prandtl number Pr = 0.7, Biot number Bi = 0.66, at
Fourier number Fo = (,13. The boundary layer thickens
from the stagnation point downstream until separation is
seen o occur at about 1007, followed by a recirculation
zone and wake. h is seen 1o be, as expected, high in the
stagnation region, gradually decreasing downstream as
the boundary layer thickens, rising to a rnaximum in the
Mlow separation region, then decreasing, and further
downstream slightly increasing in the wake region. A k=
€ turbulent flow and heat transfer model was adapted
which predicts the h distribution over cylinders much
better than two of the most popular ones in use, but still
has local errors ol up to 40%. One of the conclusions
was that the magnitude of the maximal temperature gra-
dient in the quenched body is highly sensitive to the
local magnitude of b,

The primary objective of this study is o exarnine the
effects of the nature of the cooling gas flow on the
distortions in metals during quenching. To that end we
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Fig, | - Typical stregmiines, surface

convective heat transfer coefficient (h),

and internal temperatire (T}
distribution as cornputed (8] for the

crossflaw quenching of a stainless steel

cylinder,

Initial cylinder temperature = 1200 K
gas temperature = 300 K

thermal conductivity of the stael = 20

Wir K-,
Re = {0.316) 108,

Prandtl number = 0.7,

Biot mumber = L8668,

Fourier number = QL27,

Fig. | - Linge di jlusso tipiche

del coefficiente di trasferimento

di calore convettiva {h) & distribuzione
della temperature intema (T) seconda
I'elaborazione [8] per fa tempra

of un elindro di aceigis inossidabile.

The eylinder T=000 1050

e \
1000 950 K h=100 700

have computed the wrbulent flow convective heal wran-
sfer coefficients along the circumlerence of a tube for
Reynolds numbers of (0.316)108, (04913104 and 10
compared them Lo some available experimental data, and
computed the distortions in the ring due to the nonunifor-
mities in these heat transfer coefficients,

FLOW MODELING AND THE CONVECTIVE HEAT
TRANSFER COEFFICIENTS

Background

To obtain the high heat wansfer coefficients needed for
guenching, high gas velocities and pressures are needed,
resulting in flow Reynolds numbers of 10¢ - 107, The
flow is thus highly wrbulent, and furthermore goes
through separation and formation of complex wake-Lype
regions. In an effort 1o identify o reasonable way for pre-
dicting the distribution of h along the body surface. the
Faxén Laboratory team as focused [8] on several varianis
of the k—e model, which is currently probably still the
only practical model for solving turbulent flow problems
in realistic applications. At the same time, while these
models often account reasonably well for some of the
overall flow parameters such as the pressure coefficient,
they and others have found that they typically produce
large errors in the prediction of the h distribution.

The numerical analysis in [8] and in this study was
performed by using the commercial finite-difference
code CFX [9].

A low free-stream turbulenee of 1.2% was chosen. It
was found in [8] that the Launder and Sharma [10] x-&
model as modified by Yap [11] and Cho and Goldsiein
[12] with particular concern for recirculating flows, was
overah the best o f the models for the Re=(0,316)10¢
considered, but that it stile has errors of up 1o about 40%
in h, underpredicting it to that extent in the separated
flow region. Since this was the most suitable model they
have found or developed so far, we have used it also in
this study.

The numerical predictions of the h distributions was
performed for three Reynolds numbers: (0.316310%,
(0.4913106, and 104, chosen because they are in the range
relevant for gas-cooled heat treatment and because expe-
cimental data (from [13]) was available for comparison.
The results of the numerical prediction of the h value

0
80° posooowim K

Fip. 2 - Convective heat wransfer coefficient fh) distributiens for air flaw
ncrass @ cylinder, as predicted from the numerical analysis (safid linesh
and from the experimental data of [13]. Re = (03161104 [*); [0.491)
106 fo) = 10¢ ().

Fig. Z - Distribuzioni del coefficiente di trasfertmento di calore convettive
{h) per flussa d'aria ottroversa un cilindro, in accorda con le predizioni
dell'analisi numerica (linee continue) ¢ con | dati spermentali df [13].
Re = (0.316)106 (*): (0.491) 10%; {o) = 108 ().

distributions. alongside with experimental values from
the literature 1 3 are shown in Fig. 2.

The Flow and its Relation

to the Convective Heat Transfer Rates
Generally, the variations of the convective heat transfer
coefficient along the eylinder circumference (h) may be
attributed 1o the level of turbulence in the boundary
layer, and 1o the boundary layer thickness. The nature of
the variations, as observed in Fig. 2, is singular for all of
the Reynolds numbers considered here,  Examining the
Mow as shown in Fig. 1 and Fig. 3a, starting from the
forward stagnation point and moving along the cylinder
surface from windward to leeward, there is first a lami-
nar boundary layer which becomes gradual thicker, with
a corresponding deerease in h. When the boundary layer
starts becoming turbulent, in transition where h reaches
its first minimum, the change from the laminar behavior
results in an increase in h, up o a maximum where the
boundary layer becomes fully turbulent. As the fully wr-
bulent boundary layer then gradually thickens, the rate of
increase of h starts slowing down, reaching the maxi-
mum ol h at the separation point (Fig. 3b), where it then
drops rapidly to its second minimum. On the leeward
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Fig. 3 - Velocity and h distributions for Re= 0%
a. The entire flow.

b. Detail at saparation.

¢ Detoil at leeward surfoce

[nate the reverse flaw).

Fig. 3 - Distribuziani di b & velocita per Re= 108,
o, L'intern flussa.

b. Dettaplio alla separazione.

c. Destaglio presso lo superficie sottovente
{notare il flusso inversa),

1
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lagiy/d)
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Fig. 4 « Boundary layer velocity profilas ot several azimuthal digles
olong the eylinder surface. y/d: dimensionless coordingte normal to the
cylinder of diometer d. u*: ezimuthal velocity normalized by the free
stream velocity,

Fig. 4 - Profili della velocita alle strato del bordo a diversi angoli

di azimut funge o suparficie def cilindro, yid = nermaole coordingta
senza dimensioni per if cilindro df dicmetro d, u*: velocita ol azimue
narmalizzata dolla velocitd del fbero flusso,

part of the cylinder, the Mow ditection is reversed {Fig,
3c), and a wrbulent boundary layer starts developing
from the rear stagnation point, where h attains its second
maximum. h gradually decreases as this boundary layer
thickens, from the rear stagnation point to the separation
point,

To better understand the boundary layer transitions,
which can not be discerned from Fig. 3, boundary layer
velocity profiles at 4 angles are shown in Fig. 4. For
example, the boundary layer thickens by approximately
.5 orders of magnitude from the angle of 45° 1o 1107,
Coincidentally the velocity outside the boundary layer
diminishes as the flow changes from an accelerating one
on the windward side of the cylinder 1o a decelerating
one at the lee side. The near-wall slope of the velocity
profiles allows the distinction of laminar form turbulent
flows: for the smaller angles the velocity profiles have
smooth slope transitions, characteristic of laminar flow,
which gradually show more abrupt slope transitions and

4%

near-linear shape as the boundary layer becomes turbu-
lent (where the logarithmic wall law is employed).

Comparison between

the Numerical and Experimental Results

Figure 2 shows that the adaption of the k- Launder-
Sharma - Yap - Cho-Goldstein model at Re = (0.316)10¢
wis able to reduce the difference between the numerical-
ly-predicted and experimental convective heat transfer
cocflicients to 40% at most |8]. It also shows that at the
higher values of Re the numerical results appear to over-
predict these coefficients by about 100% at worst, in the
transition and turbulent boundary layer regimes. The
crrors are smaller at the upstream surface of the eylinder
where the boundary layer is laminar, and on the down-
stream surface between the separation and downstream
stagnation points. Notably, the angle at which boundary
layer transition commences, and at which the flow sepa-
rates, are predicted by the model reasonably well, and
thus the model also predicts the locations of the maxima
and minima of h reasonably well.

It is useful 10 understand the discrepancics between the
experimental and numerical predictions, primarily so that
the modeling can be effectively improved (an ongoing
effort at the Faxén Laboratory). We first note that
although the experimental data of [13] are widely used in
the literature, we are not aware of any corroboration by
other research groups, and thus we can not regard them
as the correct basis for comparison. We are also in the
process of starting some experimental work and expect
to clarify this issue. Secondly, the wrbulent flow and
heat transfer models used in this work were developed
for high Reynolds numbers. with a low-Reynolds num-
ber exiension to handle the boundary layer near the wall,
The low-Re extension was developed for flow over a fiat
plate or a channel wall. This is different from the situa-
tion here, where pressure gradients are affecting the
boundary layer, and where the boundary layer develops
over a curved surface.

Since the largest differences oceur at the region of transi-
tion from laminar to turbulent flow, we note that the
numerical modelling there is indeed based on the weake-
st- ussumpiions. One of the weaknesses is that these
models do not take into account the experimentally-
observed Fact that the boundary laver is intermittent, i.c.
switching irregularly in and out of the wrbulent regime
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with time. This leads to a transition that takes place gra-
dually over a relatively long transitional region. This is
m contrast with the abrupt ransitions that such models
predict. When the model predicts wrong results at some
point along the flow, inaccuracies are carried down-
stream,

COMPUTAT'ION OF THE DISTORTIONS

The Approach

As discussed above, quenching of an axi-symmetric
ohject with asymmetric cooling is likely to destroy the s
try by out-ol-roundness distortion. This effect was inve-
stigated here by using the quenching simulation model of
the Swedish Institute for Metals Research, where the
boundary condition were the convective heat transfer
coefficient distributions along the cylindrical surface as
computed by the above-described numerical maodel, and
as obtained from the experimental daga of [13].

In this simulation the coupled problem ol tempera-
ture/phase transformation history and mechanical
response is solved. Temperature and phase transforma-
lions are evaluated in a separate simulation and the
results are introduced in the subsequent simulation of the
mechanical response,

The Distortion Simulation Model

The simulation quenching simulation model is based on
the finite element method using a combination of a com-
mercial FEM-code AB AQUS [14] and own software [,
7). Latent heat from phase transformation is modeled as
an internal heat source with the volume heat flux propor-
lional to the rate of transformation. The amount of phase
transformed is evaluated using generalized Kolmogoroy
- Johnson-Mehl - Avrami (KJIMA) expressions for diffu-
sion controlled transformations, and the Kolstinen-
Marburger equation [15] for martensite transformation.
In the simulation of the mechanical response the plastic
flow is described with the following pair of equations
that are integrated numerically.

=g —| r™, (1)

F= éﬂ‘.' - 'l:'?‘z. (2}

Equation (1) is a creep equation here given for uniaxial
tension. It gives the rate of equivalent plastic strain as a
function of the equivalent von Mises stress ¢ and the
variable r which can be regarded as a normalised disloca-
tion density r = p/py. As an initial condition it is set 10
zero, The equations include the temperature dependent
material constants o, n, m and C while & is a fixed
strain rate. Equation (2} describes recovery of dislocation
density and accordingly the strain hardening. The para-
meter C in this equation is strongly temperature depen-
dent. At low temperatures C is close to zero and r beco-
mes almost equal to the plastic strain. The tensor of pla-
stic strain €} can be evaluated from the stress deviation
tensor Sy, the equivalent stress and the rate of equivalent
plastic strain from eq. (1) by

- pl 3 oo
i:E; = E_S""E i (3)
g
An additional contribution to the plastic strain is assu-
med to be due to the micro mechanical effeet of transfor-
mation plasticity. The strain from this mechanism, £r}; is
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evaluated from the following equation

. p 3 . .
(4}

gify =201 -7,

where K is a material parameter and £ is the volume frac-
tion transformed.

The Heat Treatment Distortion

Simulation Results

In the distortion simulation it was assumed that the heat
transfer was applied to the outer surface of a long wbe of
32 mm outer diameter and 1.5 mm wall thickness. These
dimensions were selected to oblain a cooling rate. corme-
sponding to the gas-quenching flow Reynolds numbers
selected for the analysis, that is sufficient for producing
only martensite transformation of this steel.

The tubes were assumed to be austenitized at 860°C and
cooled by gas at 20°C, Cooling was only applied on the
outer surface, as described in the previous section, and
the inner surface of the wbe was assumed to be adiabatic.
No end effects on the wbe were considered, so the analy-
sis was 2-dimensional. The mechanical response was cal-
culated assuming general plane strain.

The cooling rates were first evaluated using the average
heat transfer of the three cases with different gas veloci-
ties (different Reynolds numbers), The resulting time-
temperiture curves of the mid-wall are shown in Fig.5.
The C-curves of the isothermal transformation diagram
of the steel [16] are also indicated,

An example of the resulting distortion after gas quen-
ching is shown in Fig, 6. The computed convective heat
transfer coefficients corresponding to a Reynolds number
of 108 were applicd. The tube diameter increases and an
out-of-roundness appears, The ovality is similar for both
inner and owter radii indicating that the growth in wall
thickness is relatively constant around the tube. This is
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Fig. § - Caleulated time-temperature ot mid-wall for uniformly caoled
tubes of 32 mm outer diometer and [.5 mm wall thickness,

The constant heat transfer coefficients used are averages of the exper-
meantal walues for the different Reynolds numbers: fe = (0.3 161105

h = 430 WIM? K); Re = (0. 491)10% h = 575 WIfM2 K); Re =10%
b= 1026 WIM2 K), lsathermal transformation curves of 1% and 99%
tronsformation and Ms are averlaid.

Fig. 5 - Tempo-temperatura calcelato @ metd parete di tubi del
diametra esterng di 32 mm e spessore di 1,5 mm roffreddoti
unifarmemente, | coefficienti costontl del trasferimento di calgre usatd
sono und media dei valor sperimentali per i numer Reynolds:

Re = (0.316)10% h = 430 WIfM?Z K); Re = (0. 491)10% h = 575
W2 K): Re =105 h = 1026 WI{M? K). Le curve di trasformazione
isotermica [% e #9% e Ms sono sovrapposte.
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Cut-ofroundnoss after gas quenching

50 Computed haat transter
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Fig. & - Computed distortien of tubes after gas quenching.

The computation was perfarmed with the camputed convective heat transfer coefficients at Re [ 0%,
o) Deformed mesh (displacements magnified 200 times). b Inner and outer radis change

Fig. & - Distorsione elaborata sul rapgio esterng di tubi dapo tempra a pas con tre diverse velocits df flusso corrispondent o diversi numer Reynolds.

a} Simulazigne con b sperimentole.
b) Simulozione con h elaborata,

50 1 ARMa
Crt-of-roundness after gas quenching,
50 | Experimental data for heat transfer ]
= 1 Q.0015
5 Re=1.0 1c°
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Fig. 7 - Computed distortion on outer radius of tubes after pos quenching with three different flow rates corresponding to different Reynolds numbers,

a} Simulation with experimental h. b} Simulation with the compued h,

fig. 7 - Distorsione efaborata sul raggio esterno di twbi dopo tempra a gas con tre diverze velacité di flusso carrispondenti a diversi nurmer Reynolds,

a) Simelaziare con h sperimentale. b) Simulazione con h elobarato.

true for all the wbes considered here, because they are
thin, and in Fig. 7 only the distortion of the outer radivs
is shown.

The distortion obtained by using the experimentally-
oblained convective heat transfer coefficients shows a
somewhat different ou-of-roundness than obtained with
the computed ones. In the former case the tube radius
grows the most at an angle of 907 to the gas flow. In the
latter case the largest radius growth generally appears
parallel to the gas flow.

In both cases the nature and magnitude of the distortions
changes with the cooling flow Reynolds number. With
the experimental heat transfer data the highest Reynolds
number gives less out-of-roundness than for the lower
gas flow and Re. With calculated heat transfer data the
highest Re gives worst out-of- roundness. A clear rela-
tionship between the distributions of the convective heat
transfer coefficients, the surface temperature and the
auter racius change (distortion) is shown in Fig_ &,

49

The caleulated peak to valley out-of-roundness, Fig_ 9 is
evaluated as the largest radius mines the smallest radius
of the quenched wbe.

Although the orientation of the ovality is different for
measured and computed heat transfer, the order-of-
magnitude of the distortion is similar for the small
Reynolds numbers. For higher cooling rates the differen-
ces are significantly larger. The average radius growth,
Fig. 10, is generally somewhat larger for non-uniform
cooling than for uniform cooling using the average heat
transfer coeflicient.

It is clear that increasing variations in heat transfer coef-
ficients around a circular object will increase the proba-
bility of large out-of-roundness. A simple measure of
this variation is the difference between the largest and
the smallest heat transfer coefficient around the tube
divided by the average heat transfer coefficient. The nor-
malized peak-to-valley out-of-roundness is siven as a
function of this number in Fig, 11.
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b) Comouted heat transfar, Ra=0.316. 107

A
P
oy
fof
Py
[
=
I"-‘-——|
=
—=1
—
o e AT
NG i \:‘1‘%; &

o .-_/x_l_u Ay . _\:}'
77 10 AR luml SR
//:f:;_." L 11 E ,|.'.l..~

4 Computed heat transfar, Ra=0.491. 10°

7Y

e) Measured heat transfer, Re=1.0. 10°

T
i T
T [T
et Tt L 10. AR [um]
S Tl
-QH o AN 4! |I Hd i,
2 il % o
S\l 222
Feel . ks ;,'..-"'_,:_:_-c*
= o e )
——] S E:'_,_.-,
E e et | —
:,__:__: e S
= i ==
e e A PN m TR SR T
7 s A
o 4 :||I||.11"L " - ¥
paid .'| % 1“\ W
LTI b
L LA e
IR

Fig. 8 - Palar diograms of the convective heat transfer coefficents b, surface temperature T and euter radius change AR during quenching.
The temperature is given after 20 s coaling for Re={0.3 16} 10%, after 14 5 for Re={0.491}10¢ and ofter T = for Re= 104,

Fig. 8 - Dingrammi polari def coefficienti del trasferiments df caloee canvettive b, temperatura superficiale T e variazioni del raggio esterno AR durante
tempra, La temperatura & ripertata per i raffreddarmento dope 20 5 per Re={0.316)1 0%, dopoe 145 per Re={0.421)10% e dopo 7 5 per Re= 108
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Fig. 9 - Camputed peok-valley out of-roundness obtained with
experimental and computed convective heat transfer - coefficients for
different Reynolds numbers.

Fig. ¥ = istogromma elaborato per lovalitd ottenuta con i coefficient del
trosferimento di calore convettive spermentali e colcolati per i diversi
rimert Oi Reynolds,

CONCLUSIONS AND RECOMMEMNDATIONS

» The accuracy ol numerical modeling of the convective

heat transfer coelficients in turbulent quenching flows
is reasonable for Reynolds number below aboui
{0.3110%, but has peak errors of abouwt 100%, in the tur-
hulent boundary layer zone, For larger Reynolds num-
bers.

» Al the same time, the modeling gives reasonable
results of these coefficients on the cylinder windward
laminar boundary layer and the leeward separated
zones, and predicts well the angles at which transition
to turbulent starts and at which the flow separates, as
well as the existence of two and two minimum in the
heat transfer coellicient.

« More experiments to determine the distribution of con-
vective heat transfer coefficients around bluff bodies
in high-Re turbulent flow are needed.

* The state of the art of numerical modeling of such
flows must be improved.

* Increasing variation in the convective heat transfer
coefficient around a circular object clearly merease the
probability of large out-ol-roundness

= The distortion obtained by using the experimentally-
obtained conveetive heat transfer coefficients shows a
somewhat different out-of-roundness than obtained
with the computed ones. In the former case the tube
radius grows the most at an angle of 90° 1o the gas
flow. In the latter case the largest radius growth gene-
rally appears parallel to the gas flow.,

= The average radius growth is generally somewhat lar-

Fig. 10 - Computed average change in diameter of rings obtained with
experimental and computed convective heat transfer coefficients for dif-
ferent Reynalds numbers.

Fig. 1@ - Cormbiamento medio colcolato nel diametro di anefli ottenuati
con coefficienti del trasferimente df calore canvettive per i diversi numeri
di Reynolds.
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Fig. I - Marmglized peak-valley out-of-roundness as o function
of mormalizad variation in the convective heat transfor coofficient.

Fig. I1- Qvalitd nermalizzata in funzione della varazione norrmahizzata
nel coefficiente del trasferiments di calore conveltiva,

ger for non-uniform cooling than lor uniform cooling
using the average heat transfer coelficient.
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Riassunto

DETERMINAZIONE DEI COEFFICIENT!I
DI TRASFERIMENTO DI CALORE CONVETTIVO
E ANALISI DEI LORC EFFETTI
SULLA DISTORSIOME DI TUBI CILINDRICI
SOTTOPOSTI A TEMPRA IN GAS

Gli obietivi primari di questo studio sono la modelliz-
zazione della natura del complesso flusso del gas di
tempra ad alta wrbolenza, con separazioni del flusso,
nonché "analisi dei suol effetti sulle distorsioni risul-
tanti, in questo caso in tubi portanti in acciaio. Un flus-
so 4 turbalenza k—e ed un modello di trasferimento di
calore utilizzati hanno dimostrato di predire in modo
sufficiente la distribuzione del coefficiente di trasferi-
mento convettive per nomeri di Reynolds fino a circa
{03108,

A numeri di Beynolds superiori (qui sono stati analiz-
zati fino a 10%) riesce a fornire previsioni abbastanza

vilide nella maggior parte delle zone del cilindro
sopravento e sottovento, e prevede bene gli angoli ai
quali inizia la wrbolenza e ai quali il flusso si separa,
come pure esistenza di due valori massimi e due
valori minimi nel coefficiente di trasferimento di calo-
re. Tuttavia predice valori circa 1005 pil alti rispetto a
quelli ottenuti attraverso i dati sperimentali disponibili
nella zona di transizione laminare/iurbolenza, Quesio
modello, come anche i dati sperimentali disponibili e i
dati rappresentativi, sono stati wtilizzati per definire Ia
distribuzione del coefficiente di trasferimento di calore
convettivo intorno alla superficie del pezzo come con-
dizione limite di un programma agli elementi finiti svi-
luppatoe presso lo Swedish Institute for Metals
Rescarch realizzato per predire la storia della distribu-
zione di temperatura, trasformazioni di fase, distorsioni
¢ proprietd meceaniche di pezzi in acciaio sottoposti a
lempra.

51 & analizzata la dipendenza delle distorsioni dalla
estensione della nonuniformita del coefficiente di tra-
sferimento di calore convettivo.

32 W |a metallurgia italiana B 4’99




